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ABSTRACT
Parasite fitness is often tied closely to host behaviour, especially when transition to a
definitive host or egression in a particular environment is involved. Thus natural
selection has driven many parasites to control host behaviour to varying extent. How
parasites alter and/or create behaviour is a fascinating question from neuroethological
and physiological perspectives, and much could be gained from a complete answer.

A review of the literature (chapter 2) reveals this untapped potential is offset by the
difficulty involved in disentangling the host’s response to infection from the parasite’s
active manipulation of behaviour. Establishing causation between the parasite and
observed changes in host physiology, via the identification of manipulative factors, is
the next step forward. Yet, moving from correlation to causation is a difficult step to
take. Convergent and ontogenetic evidence is very rare in the literature, and while still
correlational, it can provide strong evidence for adaptive host manipulation.

Hairworms (phylum Nematomorpha) and mermithids (phylum Nematoda) infecting
arthropods induce hydrophilia in their hosts, forcing them to water, which is essential
for the worms’ survival after egression. The mechanisms behind this behavioural
change have been investigated in hairworms, but not in mermithids. Using a water
choice behavioural test (chapter 3) followed by a proteomic investigation (chapter 4)
into the brains of Forficula auricularia (earwig) and Bellorchestia quoyana
(sandhopper), infected with the mermithids Mermis nigrescens and Thaumamermis
zealandica respectively, evidence for adaptive manipulation was contrasted against
proteomic results from hairworm-infected hosts.
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In the behavioural test, earwigs infected by mature worms drowned themselves in
water significantly more frequently than uninfected individuals or those harbouring
small worms; no such pattern was found for sandhoppers. Across both hosts (and
hairworm-infected hosts, from earlier studies), the general function of regulated
proteins was conserved. Proteins involved in energy generation/mobilization were
up/down regulated across sandhoppers and earwigs, corroborating reports of
erratic/hyperactive behaviour in infected hosts, which may be involved in getting to
water. Mtpalpha, a key component in energy mobilization, was regulated across all
hosts suggesting it may be a crucial factor in inducing hyperactivity.

Regulated proteins involved in axon/dendrite and synapse modulation were also
common to all hosts, suggesting neuronal manipulation is involved in hydrophilia.
Clathrin, a fundamental component of neurotransmitter release, was regulated across
all infected hosts (like Mtpalpha), also suggesting neuronal manipulation.
Furthermore,

down-regulation

of CamKII

and

associated

proteins

suggest

manipulation of memory also participates in the behavioural shift. Only a subset of all
neuron-related proteins were found in sandhoppers infected with long worms;
combined with results of the behavioural tests, this suggests Thaumamermis
zealandica may have lost this component of the hydrophilic manipulation.
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CHAPTER 1
INTRODUCTION
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1.1 Setting the stage for mind control
The incredible diversity of free-living life we regularly see on this planet is the product
of natural selection acting through a set of environment types. Now consider that every
species existing in these environments represents its own unique internalized
ecosystem and environment, with their morphological and physiological structure
forming potential niches into which opportunistic organisms like parasites can radiate.
The diversity of resources and opportunities here for natural selection to adapt new life
forms and strategies is tremendous. Indeed, among known species of parasites there
exist vast differences in morphological and physiological function, from the nematode
heart worms in dogs (Merrill et al. 1980) to eye dwelling flukes in fish (Karvonen et
al. 2004). The most widely accepted definition of a parasite is that it is an organism
living in or on another organism (the host) – feeding on it, showing morphological
and/or physiological adaptation to it, and causing it some harm (Poulin 2011).

While there is great diversity in free-living organisms, certain aspects of their internal
environment must remain consistent in general function. The central nervous system
(CNS) is one such aspect, often being a large and important part of a free-living
organism’s internal environment. While niches within the CNS are usually hard to
access, many parasites exist in close proximity to, or have a potentially strong
interaction with, the CNS and it’s functioning (Adamo 2012, van Houte et al. 2013).
Parasites (or their progeny) exiting the internal environment of the host during their
life-cycle benefit greatly by ensuring they exit into another host or appropriate
environment (Godfray 1994, Lafferty 1996, Lagrue 2007, Poulin 2011, Hughes et al.
2012). Increasing the odds of exiting in an environment suitable for the parasite to
continue its life cycle, even slightly, confers a significant boost to the parasite’s
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fitness. Parasites are thus under strong selective pressure to evolve the ability to
control host behaviour (Poulin 2011).

Strong evolutionary pressure to manipulate the exit location from the host is
combined, in many parasite species, with a close proximity to the CNS, the prime
controller of where the host will be when the parasite exits. Over evolutionary time,
this unique situation has enabled certain species of parasites to interact with and
control the CNS of their host to some extent (Moore 2002, Thomas et al. 2005, Adamo
2013). In these ‘manipulative parasites’, control of host behaviour can appear so
absolute that some parasitologists consider the host an extended phenotype of the
controlling parasite (Hughes 2013, Adamo 2013, Poulin and Maure 2015).

1.1 The Problem
The control exerted by manipulative parasites over the host’s CNS can manifest in
many strange and awesome ways. For example, acanthocephalan parasites can force
their crustacean host to the surface of the water, increasing their chance of
transmission to a bird, the parasite’s definitive host (Helluy 2013). Parasitoid wasps on
the other hand are capable of removing the unfortunate insect host’s ‘motivation to
move’, allowing the wasp to lead the insect like a sheep to its burrow. The paralyzed
insect then becomes a home and food for the wasp’s larvae (Libersat et al. 2009).

Our ecological understanding of manipulative parasites, particularly in host-parasite
systems that involve trophic transmission, is comprehensive with many behavioural
studies supporting the claimed fitness benefits that host manipulation provides
(Lafferty 1996, Mouritsen and Poulin 2003, Kuris 2005, Lagrue 2007, Parker and
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Chubb 2009, Thomas et al. 2010, Poulin and Maure 2015). Despite this, whether or
not parasites are adaptively manipulating behaviour on purpose has been a subject of
much debate since its initial suggestion by Cram in 1937 (Cram 1937, Poulin 1995,
Poulin 2000, Cezilly 2010, Worth et al. 2013). The behavioural changes observed
could be an adaptive response to infection by the host, or they could just be a
pathological side-effect of infection that benefits neither the parasite nor the host
(Thomas et al. 2005).

Arguably, these two explanations in any given host-parasite system could be more
parsimonious than the parasite adaptively inducing the observed behavioural changes.
Only relying on ecological/behavioural studies to support adaptive manipulation is
often not enough. Given the nature of behavioural studies, they can only establish a
correlation between infection by the parasite and the behavioural change in the host
and therefore cannot rule out alternative non-adaptive explanations. Ultimately, they
can address why the parasite is manipulating host behaviour, but not how. Combining
an understanding of both why and how parasites manipulate behaviour is the key to
supporting adaptive manipulation (Herbison et al. 2018).

By understanding how a manipulative parasite interacts with the host’s CNS, whether
by a chemical release, induced structural change or some other unknown mechanism,
and following the physiological impact of that interaction to the resulting behavioural
change, we can provide a bottom-up method for confirming adaptive manipulation
(Adamo 2013, Lafferty and Shaw 2013, Herbison et al. 2018). Furthermore, this
would provide evidence of an active energy investment by the parasite in manipulating
host behaviour, which is crucial in validating any adaptive strategy or response (Poulin
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2011).

Aside from the debate around the adaptiveness of manipulation, manipulative parasites
are increasingly being found to have much broader ecological and evolutionary
implications, from shaping host evolution (Poulin and Thomas 1999) to altering the
structure of surrounding animal communities (Lefevre et al. 2009a, Mouritsen and
Poulin 2005, Thomas et al. 1998). However, one of the most interesting benefits of
studying manipulative parasites is often overlooked. By elucidating how manipulative
parasites alter and/or create behaviour in their hosts, we could greatly improve our
understanding of the underlying physiology of behaviour and how it is created at a
molecular level. Traditional neuroethological (the study of behaviour at a neuronal
level) approaches to studying behaviour are currently hindered by the increasing
complexity of neuronal outputs, and restricted to sensory orientated reflex/reactionary
behaviours (Ewert 2012). Manipulative parasites (in most cases) bypass sensory
systems, preferring to interact with the CNS via alternative routes (see chapter 2) to
create/alter a range of complex behaviours (Adamo 2012). These parasites provide a
unique approach that could be very valuable to our understanding of behaviour
physiologically.

While neuroparasitology (study of manipulative parasites and how they interact with
the host’s CNS) has great potential to contribute to science, it is still very much in its
infancy. Indeed, behavioural studies of manipulative parasites still vastly outnumber
physiological studies, and causative evidence of parasites directly creating a
physiological change in the host is exceedingly rare relative to the amount of
correlational studies (Poulin and Maure 2015, Herbison 2017). As a result, researchers
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often resort to narrative-based explanations for how parasites are manipulating
behaviour (Vyas 2015). Perhaps the greatest challenge facing neuroparasitology is
quashing the adaptive manipulation debate (discussed above): until we obtain
conclusively evidence that parasites manipulate behaviour, researchers will be hesitant
to invest time and money into gaining a deeper understanding of how parasites control
their host’s CNS.

Logically, to make a valuable contribution to neuroparasitology, one must first explore
what has caused this field to slow down in recent years despite its potential, and why
causative evidence for adaptive manipulation is so rare. Therefore, in chapter 2, I
review and categorize the neuroparasitology literature into the three major
physiological pathways parasites appear to exploit to manipulate host behaviour.
Briefly, the main conclusion of this review is that most physiological studies of
manipulative parasites were unable to empirically connect the molecular changes
observed in the host with the infecting parasite. Ultimately, this makes it impossible to
rule out pathological side-effects/adaptive host responses as the cause of the
physiological change in the infected host, and furthermore, impossible to identify an
agent of behavioural change released by the parasite (Herbison et al. 2018).

1.3 Asking the right questions
Generating causative evidence that empirically connects the parasite to the molecular
changes observed in the host is realistically beyond the scope of a master’s thesis.
Briefly, one would need to establish an experimental infection protocol for the chosen
host-parasite system and have the necessary resources and time to perform a range of
neurophysiological, genetic and proteomic techniques. While elucidating the full chain
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of physiological events from infection to manipulation is not possible given the current
constraints, other valuable under-studied questions can be answered to strengthen the
correlational evidence for host manipulation and contribute to the adaptive
manipulation debate. This thesis will focus on two prominent questions in the neuroparasitology literature:

Firstly, do distinct parasite lineages that induce similar behavioural changes in
their hosts converge in the physiological mechanism(s) they use to generate that
behavioural change? Finding evidence of two genetically distinct parasite species
having the same behavioural effect on their hosts is strong evidence for adaptive
manipulation on its own (Thomas and Poulin 1998, Poulin 2010). However, finding
that they adopt similar physiological mechanisms to induce behavioural changes
would be even more convincing; this would arguably make adaptive manipulation in
these host-parasite systems a more parsimonious explanation for the observed
behavioural changes (Ponton et al. 2006 Lefevre et al. 2009b, Poulin 2010).

Indeed, the chance of two distant host lineages with very different immunology
responding identically to infection by different parasite species on a physiological
level is very unlikely, whether it be part of an adaptive host response or a side-effect of
infection. Given convergent evolution is a common phenomenon observed throughout
nature, it is plausible that parasites under similar selective pressures have converged
on the same base mechanism to manipulate similar behaviours as well (i.e. arrive at
similar solutions for the same problem) (Biron and Loxdale 2013). Proteomic studies
on insect-vector-pathogen (Lefevre et al. 2007a, Lefevre et al. 2007b) and amphipodparasite systems (Ponton et al. 2006) have generated evidence that tentatively suggests
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a convergence in manipulative mechanism. If this is true, then genetically distant host
species displaying parallel behavioural AND physiological changes in response to
infection could likely result from a converged manipulative mechanism affecting their
CNS to adaptively manipulate behaviour. Acquiring this type of evidence will allow
us to potentially rule out previously discussed alternative explanations for changes in
host behaviour in favor of adaptive manipulation.

Secondly, what is the history of physiological changes in the host from
establishment to exit of the parasite, and by extension what is the
ontogenetic/temporal profile of the parasite’s manipulative process? Does the
parasite rapidly induce changes in the host’s physiology to manipulate behaviour, or
are the changes subtly induced over the course of the parasite’s development? Most
studies tend to measure the host’s physiological responses to infection at one point in
time, usually around the manifestation of the behavioural change. Taking multiple
snapshots of the physiological changes occurring in the host throughout the parasite’s
development, from establishment in the host to its exit, may allow us to tease apart the
host’s response to infection from the parasite’s manipulative efforts. Understanding
the physiological changes associated with parasite establishment and early infection
can reveal the host’s base response to the parasite and thus its potential adaptive
response or any other pathological side-effects of infection. Any rapid or gradual
physiological changes within the host that occur later in the parasite’s development
and/or at the initiation of the behavioural change can then be separated from the
previously recorded base physiological changes.

Logically, physiological signs of adaptive manipulation in the host are much more
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likely to manifest later on in the parasite’s development, as manipulating host
behaviour before the parasite is ready to exit would be counter-productive. Parasites
use hosts in order to grow and develop in a relatively safe and nutrient-rich
environment (Poulin 2011). Therefore, endangering this beneficial environment with a
behavioural change deleterious to the host would negatively affect parasite fitness. It is
possible that parasites induce changes in host behaviour, separate from the major
manipulative event, throughout their own development so the host better serves the
parasite while the latter is growing. However, at the time of the parasite’s
establishment within in the host, the parasite-host size disparity is much greater than
later on in development, thus making it much more difficult for the parasite to interact
with the host at a physiologically relevant level. Mature parasite-host size disparity
may also be an effective predictor of the temporal profile of host manipulation and by
extension adaptive manipulation. This will be discussed further in chapter 2.

It is also important to consider that parasites themselves go through large
physiological and morphological changes during development within their host (Bird
1968, Aikawa 1977, Vickerman 1985, Hall et al. 2005). Therefore, it is entirely
possible that one or more of those changes may be necessary for the parasite’s
manipulative process. Taken together, studying the full history of the host’s
physiological responses to the parasite rather than focusing on a single point in time
could be a powerful approach to disentangle the hosts reaction to infection from the
parasites manipulative action at a physiological level.

1.4 The right parasites for the job
Generating evidence to help answer the two questions above will undoubtedly help
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neuroparasitology resolve the adaptive manipulation debate. For this, one needs a
parasite taxon well-suited to studies of convergent and temporal aspects of host
manipulation mechanisms.

Endoparasitic worms of the family Mermithidae (phylum Nematoda) have the
apparent ability to force their normally hydrophobic arthropod hosts to find and
commit suicide in water or seek out saturated substrate (Maeyama et al. 1994, Poulin
and Latham 2002, Vance 1996). Once the host has drowned, they egress from the host
to continue their life cycle as free-living adult worms (see chapter 3, Figure 3.1, for a
comprehensive summary of the life cycle) (Christie 1937, Baylis 1947, Nickel 1972,
Capinera 1987, Baker and Capinera 1997, Presswell et al. 2015). These parasitic
worms are very prone to desiccation, have relatively low mobility and generally must
lay their eggs in water. Therefore, ensuring they exit the host into an aquatic/moist
environment is critical (Christie 1937, Baylis 1947, Nickel 1972, Capinera 1987,
Maeyama et al. 1994, Poulin and Latham 2002). This is the assumed source of the
evolutionary pressure behind the hydrophilic behavioural manipulation.

Nematodes in the Mermithidae family infect a wide range of arthropod taxa, from
terrestrial insects such as grasshoppers to supra-littoral sandhoppers (Baylis 1944,
Nickel 1972, Baker and Capinera 1997, Poulin and Latham 2002). Interestingly,
despite the diverse physiology of their numerous host species, they manage to induce
the same hydrophilic behaviour (Nickel 1972, Maeyama et al. 1994, Poulin and
Latham 2002, Vance 1996). Furthermore, distantly related hairworms from the
phylum Nematomorpha also induce the same behaviours in the diverse range of
arthropod hosts they infect. Although their life cycle is slightly different (see chapter
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3), like mermithid nematodes they are desiccation-prone and thus need to exit their
terrestrial host into water immediately (Thomas et al. 2002, Schmidt-Rhaesa 2001,
Biron et al. 2005, Biron et al. 2006, Poinar 2008, Sanchez 2008).

Mermithid nematodes and hairworms are ideal model organisms for investigating the
possibility of convergent evolution acting on host manipulation mechanisms (Question
1). Correlative, proteomic evidence for hydrophilic manipulation in hairwormgrasshopper/cricket parasite-host systems already exists (Biron et al. 2005, Biron et al.
2006). At the point of suicide (i.e. entering water), the proteomic profiles of the brains
of infected grasshoppers and crickets were found to be very different to that of
uninfected controls, and in some ways from one another (see chapter 4 for detailed
overview). Briefly, while the over-arching function of the aberrant proteins were
similar in both the cricket and grasshopper (suggesting convergent mechanism of
manipulation), there was differential expression as well. Specifically, this applied to
proteins involved in neurogenesis, visual processing and neurotransmitter activities.
Furthermore, evidence of initiation of apoptosis (programmed cell death) was found in
the brains of infected crickets, while conversely inhibition was found in the
grasshopper (Biron and Loxdale 2013). This indicates the parasites may converge in
the general area of the host’s physiology they target, but interact with it in different
ways.

Biron and colleagues studies (Biron et al. 2005, 2006) show evidence of conservation
in mechanism at the genus level relative to the parasites used (Paragordius
tricuspidatus infecting crickets and Spinochordodes tellinii infecting grasshoppers). If
we paired these studies’ results with a proteomic investigation into how nematodes
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from the Mermithidae family induce hydrophilia, we could potentially have evidence
of a convergence in mechanism at the phylum level. This would be profound since, as
these worms are taxonomically disparate (nematode vs. nematomorpha), you would
have evidence of similar physiological impacts from infection and by extension,
stronger evidence of a convergence in mechanism between the two phyla to induce
hydrophilia.

Aside from assessing possible mechanistic convergence (Q1), these parasites are
perfect for studying the developmental history of physiological changes that occur
throughout the parasite-hosts relationship (Q2). Parasite maturity within the host can
often be difficult to establish (in the absence of experimental infection). However,
given that worm length is a reliable predictor of maturity and easily observed upon
dissection, estimating parasite maturity/age is relatively easy. Determining the host’s
physiological profile while infected with a small worm can reveal the host’s base
response to infection. This physiological profile can then be ‘subtracted’ from the
changes found in hosts with long/mature worms. As discussed earlier, this will
hopefully allow us to distinguish the true physiological effects of the parasite’s
manipulative effort from the host’s basal response to infection.
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To date, no one has investigated the mechanisms behind the hydrophilic behavioural
manipulation induced by mermithid nematodes. Therefore, this thesis will focus on
two new host-mermithid systems to test for convergence with the nematomorph
manipulators studied by Biron et al. (2005, 2006). The first host-parasite system
consists of the European earwig Forficula auricularia infected with the mermithid
worm Mermis nigrescens (Figure 1.1). The second consists of the intertidal

Figure 1.1: An earwig (Forficula auricularia) and its recent parasitic worm (Mermis
nigrescens). Photo credit: Steven Evans
sandhopper Bellorchestia quoyana (formerly known as Talorchestia quoyana) infected
with the mermithid Thaumamermis zealandica (Figure 1.2) (for the ecology and life
cycle of each host and parasite, see chapter 3). Host choice is critical to generate
stronger evidence for convergence in mechanisms of behavioural manipulation. The
cricket and grasshopper studied by Biron et al. (2005, 2006) are from the insect order
Orthoptera, whereas the European earwig belongs to the order Dermaptera while the
sandhopper is in the subphylum Crustacea. Clearly the hosts chosen here are
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taxonomically, and by extension genetically distinct from the host chosen by Biron et
al. (2005, 2006). If similar impacts from infection were found across all systems, there
would be very strong correlational evidence for adaptive manipulation.

Figure 1.2: Bellorchestia quoyana (sandhopper) split presenting Thaumamermis
zealandica (mermithid) intertwined into both halves of the host. Photo credit: David
Latham

1.5 General approach
Firstly, I aim to confirm that hydrophilic manipulation does indeed occur in the
mermithid-sandhopper/earwig parasite-hosts systems before any further investigation.
Therefore, I constructed a simple behavioural test of the response of infected earwigs
and sandhoppers to a pool of fresh water. If convergent evolution has driven
mermithid and hairworm parasites to induce a similar hydrophilic behavioural change
in their hosts, I expected earwigs and sandhoppers infected with large worms to enter
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water, despite the natural manifestation of hydrophilia in these hosts not being so
extreme. Hydrophilia should manifest non-specifically in mermithid-infected hosts.
Presenting them with any form of water test, be it a humidity gradient, progressively
saturated soil/sand, or a pool of water should result in their attraction to it.

Evidence of other mermithid infected hosts being forced to large bodies of water exists
(Maeyama 1994, Vance 1996, Poulin and Latham 2002), but this must be established
in infected sandhoppers and earwigs in order to move forward logically. Furthermore,
the definitive nature of this behavioural test will determine whether relatively small
worms are capable of forcing their host to water or if this is exclusive to hosts infected
with larger mature worms. Paired with the history of physiological changes seen in
infected hosts, this could be a powerful tool for establishing adaptive manipulation.

Following the behavioural tests, I dissected the brain of field-collected hosts that were
either uninfected, infected with short worms (<10mm), or infected with long worms
(>100mm) and used them in proteomic analysis. Proteins are the product of genes and
thus dictate cellular processes and their intended effects. While all aspects of host
physiology (i.e. neurochemical, immunological aspects) cannot be investigated,
comprehensive understanding of protein composition in the brain of the hosts will
allow a window into what major areas of host physiology are modulated by the
parasite, down to specific processes for cell functioning. I used state-of-the-art
methodology for extracting proteins from host brains, combining data-dependent and
independent acquisition to gain an advanced understanding of protein composition.
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1.6 Thesis structure, aims and hypotheses
The ultimate aim of this thesis is to provide the strongest evidence possible for
adaptive manipulation within the scope of a Masters project. The review of the
literature in chapter 2 highlights that the convergent and temporal aspects of host
manipulation are poorly understood. By utilizing the hydrophilic behaviour induced by
mermithid worms (phylum Nematoda) and comparing it to existing data from
hairworms (phylum Nematomorpha) across a diverse range of host species, I will
investigate convergent and ontogenetic aspects and, by extension, the mechanisms
behind adaptive manipulation.

Given the differences in parasite life cycle and host ecology between the hairworm and
mermithid-host systems, the hydrophilia appears to manifest differently across the host
species.

Therefore,

in

chapter

3,

I

attempt

to

establish

a

common

behavioural/hydrophilic manifestation between the hairworm and mermithid infected
hosts despite their differences in life cycle. This is achieved by presenting mermithidinfected hosts with access to a pool of fresh water, replicating the setting in which
hairworm-infected hosts were observed to jump into open water. Central to this
chapter, I hypothesise that if the parasites Mermis nigrescens and Thaumamermis
zealandica adaptively manipulate the behaviour of Forficula auricularia (earwig)
and Bellorchestia quoyana (sandhopper), and this behavioural manipulation
manifests as an attraction to any water source (hydrophilia), then infected
subjects will enter the water similar to hairworm infected hosts.

To complement this behavioural experiment, in chapter 4, I use field-collected earwig
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and sandhopper hosts, snap-frozen to preserve their natural physiological state. Hosts
harbouring a short worm (<10mm) or a long worm (>100mm) will be identified by
dissection, and their brains analyzed for protein composition. Relative to the
convergent and temporal aspects of host-manipulation, two major hypotheses are
tested in this chapter:
-

1) If the mermithid and hairworm parasites both induce hydrophilia in
their hosts and convergent evolution has shaped the mechanisms the
parasites use to induce hydrophilia, the up/down regulated proteins found
in the brain of mermithid-infected hosts will be similar to those previously
found in nematomorpha-infected hosts by Biron et al. (2005, 2006).

-

2) If the mermithid parasites manipulate the behaviour of their hosts
(sandhopper/earwig) and synchronise the initiation of behavioural
manipulation of the host with completion of their own development (plus
an environmental trigger potentially), the greatest protein changes in the
brains of infected hosts will occur in those that are infected with a mature
long worm (>100mm) relative to an immature worm (<10mm).

Finally, in chapter 5, the conclusions from chapter 2 and the results from chapters 3
and 4 will be integrated. Chapter 2 has been published in Frontiers of Ecology and
Evolution, and Chapter 4 will be submitted to Proceedings of the Royal Society B.
Therefore, there may be some repetition between these chapters and others.
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CHAPTER 2
LESSONS IN MIND CONTROL:
TRENDS IN RESEARCH ON THE MOLECULAR
MECHANISMS BEHIND PARASITE-HOST
BEHAVIOURAL MANIPULATION*

*Published in Frontiers of Ecology and Evolution:
Herbison, R. E. (2017). Lessons in mind control: trends in research on the molecular
mechanisms behind parasite-host behavioral manipulation. Frontiers in Ecology and
Evolution, 5, 102.
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2.2 Introduction

“I did not direct my life. I didn't design it. I never made decisions. Things always
came up and made them for me. That's what life is.”
B. F. Skinner on behaviour
The control parasites can demonstrate when realigning their host's goals with their
own cannot be understated, with many parasitologists regarding hosts as an extended
phenotype of the parasite (Adamo, 2013; Hughes, 2013; Poulin and Maure, 2015).
Integrating this statement and the quote above, suggests Skinner (partially by
semantic accident) was well ahead of his time in assessment of behavior and its
origin. A common ideology among behaviorists, juxtaposed to Skinner, is that
animals are solely in control of their own behavior (Sih et al., 2015), with the mind
being viewed as the “last bastion of freedom.” However, considering parasites make
up over 40% of the Earth's biodiversity, being prevalent in a vast taxonomic range of
hosts from insects to humans (Poulin, 2010, 2011b; Thomas et al., 2010; Houte et al.,
2013; Poulin and Maure, 2015) and their apparent control over host behavior, it is
clear that this ideology has not anticipated the numerous parasite species that began
raiding this supposed “last bastion” a long time ago.

The effects of host manipulation by parasites can range from a subtle change in preexisting traits, such as Toxoplasma gondii's ability to encourage risk-taking behaviors
in its hosts (Webster et al., 2013), to entirely new behaviors (Thomas et al.,
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2005; Poulin, 2011a; Adamo, 2013; Poulin and Maure, 2015). For example, ants
infected with the trematode Dicrocoelium dendriticum will leave the safety of the
colony to perch on grass blade tips, where their susceptibility to predation from the
trematode's definitive host is greatly increased (Thomas et al., 2011). The list of
induced behavioral changes that are potentially beneficial to the parasite's fitness is
extensive, and while correct identification of these behavioral modifications is
important, one of the most fascinating question we can ask is how the parasites are
achieving this. More specifically, what are the true proximate triggers for host
manipulation, and how, at a molecular level, are these behavioral manipulations
achieved?

Currently, three major physiological pathways have been suggested by which
parasites manipulate their host (Adamo, 2013). Firstly, some parasites manipulate
their hosts by altering the communication between the immune and central nervous
system (CNS) (Friberg et al., 2010; Hakimi and Cannella, 2011; Boucias and
Pendland, 2012). Secondly, some may operate via proteomic (Helluy, 1983; Biron et
al., 2005, 2006; Ponton et al., 2006; Hakimi and Cannella, 2011; Rahman and
McFadden, 2011; McDonough and Rodriguez, 2012) and/or genomic mechanisms
(Lüder et al., 2009; Hari Dass and Vyas, 2014; Sivakumar et al., 2014). Finally,
parasites may secrete molecules that directly interact with the CNS to alter neuronal
activity (Klein, 2003; Adamo, 2012, 2013; Lafferty and Shaw, 2013). Note, however,
that parasites can interact with the hosts' brain on a structural level as well, destroying
areas of the brain (Lafferty and Shaw, 2013; Libersat and Gal, 2013), but in the
interest of remaining cohesive the major focus here will be on micro-level
manipulation via molecular mechanisms. Symbiont-mediated behavioral manipulation
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could also be another potential major pathway for parasite behavioral manipulation,
but research on this phenomenon is still in its infancy currently (Dheilly et al., 2015).

The first part of this review will attempt to collate the literature under each major and
potential pathway. The critical analysis of the literature in the first part of this review
will culminate in the second part, which will directly address several trends in the host
manipulation literature. Ultimately, this is aimed to give the reader a comprehensive
understanding of the strengths and weaknesses in the current host manipulation
literature and suggest directions for future research. The review will primarily draw
from three main sources: a special issue of the Journal of Experimental
Biology concerning host manipulation, a literature compilation on helminth parasites
by Poulin and Maure (2015) and the Web of Science search engine (search terms:
parasite* AND behavior* AND mechanis* AND manipula* OR effect*, starting with
the most relevant since 2017).

2.3 Immunological Host Manipulation

2.3.1 Immunological Manipulation of Vertebrates
Bidirectional connections between the immune and CNS are evolutionarily ancient,
being present in both invertebrates and vertebrates (Ottaviani and Franceschi,
1996; Adamo, 2006, 2008; Dantzer et al., 2008). Upon infection by a parasite, the
immune system releases cytokines as part of the neuroinflammation process, typically
targeting the brain to result in “sickness behaviors” (Hart, 1988; Dantzer, 2004).
These mostly depressive behaviors direct energy away from non-essential activities,
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such as reproduction or socializing, to enhance the chances of full recovery (Hart,
1988; Dantzer, 2004). Given some parasites can regulate these immune factors, in
particular cytokines, to evade the host's immune system (Friberg et al., 2010; Hakimi
and Cannella, 2011; Boucias and Pendland, 2012), the neuroimmune hypothesis
suggests that transitioning from evasion to immunological manipulation of behavior
would be parsimonious (Adamo, 2013). Essentially, under the neuroimmune
hypothesis, the immune system can be seen as an impressionable middleman between
the parasite and the brain, with evidence suggesting immunological manipulation
might, in some cases be easier than neurological manipulation, given defense
mechanisms such as the blood brain barrier (Dantzer et al., 2008; Nation, 2008).

A growing body of evidence in vertebrate hosts suggests that chronic
neuroinflammation, induced by cerebral parasites, results in neural disruption and
irregular behavior (Hemachudha et al., 2002; Klein, 2003; Bentivoglio and
Kristensson, 2007; Sciutto et al., 2007; Hamilton et al., 2008). The infamous T.
gondii, an intracellular parasite of neurons, is an exemplar in this case. T.
gondii encysts into the brain of rats, resulting in an attraction to feline urine and
hyper-aggression in infected individuals (Vyas et al., 2007; House et al., 2011),
subsequently increasing the chance that T. gondii will be transferred to a feline
definitive host (Vyas et al., 2007; House et al., 2011). T. gondii infection, during its
active phase, results in the release of a cascade of cytokines including gamma
interferons and proinflammatory mediators that are toxic to neurons (Henriquez et al.,
2009). T. gondii's immunological manipulation also leads to microglia activation and
through this nitric oxide (NO) release, which impacts on neurite outgrowth and is a
known neuromodulator (Rozenfeld et al., 2003).
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The gastrointestinal nematode Toxocara canis is another popular model species
regarding vertebrate immunological manipulation. T. canis is highly prevalent in
canines globally and can spread to humans via its widespread environmental
contamination of feces (Holland and Smith, 2006). Studies show that T. canis can
migrate to the brain in humans, and its presence here is more common than originally
anticipated (Hill et al., 1985; Salvador et al., 2010). The neurological impacts of T.
canis on humans are far from being fully understood, but initial evidence from
experimental infection of mice show pro- and anti-inflammatory cytokine levels peak
with increasing infection levels of T. canis in mice brains (Holland and Hamilton,
2013). However, no empirical proof correlates this cytokine change with a behavioral
change in the host that is adaptive for T. canis.

The trypanosome Leishmania amazonensis is another parasite that can live in the
brain of vertebrates (including humans) and has been associated with behavioral
changes in its host (Petersen and Greenlee, 2011; Maia et al., 2015). Recently a study
found that experimentally infected mice consistently had several key cytokines (IFNy, IL-1,4,6,10) down regulated, while tumor necrosis factor alpha (TNF-α) was
upregulated in the prefrontal cortex (Portes et al., 2016). Furthermore, this cytokine
manipulation was correlated with increased anxiety in the hosts (Portes et al., 2016).
Although this may appear as evidence for the neuroimmune hypothesis, the adaptive
value for the parasite of increased host anxiety seems dubious relative to the predatorphilic behavior induced by Toxoplasma in rats (Vyas et al., 2007; House et al., 2011).
Therefore, it is more parsimonious to suggest the anxiety response may be a
pathological side effect, induced by the parasite, or a sickness behavior evoked by the
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host, rather than adaptive behavioral manipulation. Causative empirical evidence is
needed to conclude either way.

Cytokine-dependent manipulations similar to those reported in Toxoplasma,
Toxocara, and Leishmania infected individuals are seen in other host-parasite systems
(Flegr et al., 1996; Webster, 2007; Kannan et al., 2010). Adaptive value of behavioral
manipulation aside, none of these studies have empirically connected the reported
cytokine manipulation to an adaptive behavioral change in the host, nor have they
identified any specific factors produced by the parasite that affect cytokine
expression. In lay terms, we know infection results in cytokine expression changes in
the host, but not what specific aspect of this infection causes the resulting cytokine
level changes. Further studies are needed to confirm the specific identity and function
of factors that regulate these cytokines. The present lack of understanding of how
these molecular changes come about in the host, as a result of parasite infection, is a
universal problem in host manipulation literature and is detrimental to the field. Given
this missing information, parasitic manipulation of cytokines is still more likely to be
used to solely evade immunological defenses of the host rather than to manipulate
behavior as well in vertebrates.

A core argument for immunological manipulation by parasites is that it enables them
to bypass brain defense systems (Dantzer et al., 2008; Nation, 2008). However, this
idea appears conflicting, as much of the evidence for the neuroimmune hypothesis in
vertebrates, comes from cerebral parasites (Hemachudha et al., 2002; Klein,
2003; Bentivoglio and Kristensson, 2007; Sciutto et al., 2007; Hamilton et al.,
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2008; Henriquez et al., 2009; Petersen and Greenlee, 2011; Holland and Hamilton,
2013; Portes et al., 2016). Logic suggests that a parasite already present in the brain of
a host will not have to by-pass the brains defenses in order to manipulate host
behavior. Again, this questions whether cytokine manipulation is primarily a general
response of the host or something specifically directed by the parasite to manipulate
behavior. Overall the neuroimmune hypothesis remains theoretical at best in
vertebrates.

2.3.2 Immunological Manipulation of Invertebrates
In simpler invertebrate hosts, the behavioral changes as a result from cytokine
manipulation appear to align more directly with that of the parasites goals, and the
connection between the immunological mechanism and the resulting behavioral
change appears to be more direct (Helluy and Thomas, 2010; Helluy, 2013). For
example, the parasitic wasp Cotesia congregata exploits immune-neural connections
of its host, Manduca sexta (caterpillar), suppressing feeding and locomotion during
the larval egression phase (Adamo, 1997, 2005). Considering the caterpillars'
voracious appetite this behavioral shift is significant. The wasp larvae disrupt the
removal of octopamine (OA), a neuromodulator tightly linked with immune response
to infection (Dunphy and Downer, 1994), in the hemolymph of the caterpillar.
Subsequently, this results in desynchronization between parts of the caterpillar's brain,
rendering it unable to swallow (Miles and Booker, 2000; Adamo, 2005). The larvae
may also boost the production of a cytokine that acts as a paralytic peptide, which
immobilizes the caterpillar (Skinner et al., 1991; Adamo, 2013). This reduction in
digestion and locomotion in the caterpillar provides the wasp larvae with a static
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environment, which greatly increases the chance of successful egression from the
caterpillar (Adamo, 1998).

Interestingly, this hypothetical increase in production of the paralytic peptide may not
be the only factor contributing to loss of locomotive control in the wasp-caterpillar
system. Adult wasps are also known to inject venom into the CNS of insects, resulting
in the loss of self-driven movement, ultimately enabling the wasp to continue its
reproductive cycle (Libersat et al., 2009). Currently, empirical evidence from the
jewel wasp-cockroach host-parasite system suggests a component of this venom alters
the activity of neuron populations involved in regulating OA, and thus locomotive
ability (Rosenberg et al., 2006). If we contrast this to the larval wasp disrupting OA
breakdown in the caterpillar, it may suggest altering OA does not have merely
digestive, but also locomotor effects similar to that of adult wasp venom on the
cockroach.

Continuing this line of thinking, the source of this OA disruption in the wasp larvaecaterpillar system and thus digestive and locomotor paralysis may stem from a
potential larval form of the adult venom being pumped into the host's circulation
during the ejection phase rather than paralytic cytokine modulation. The paralytic
cytokines in the larval wasp-caterpillar system are thought to heal wounds via
physiological (Yu et al., 1999) and behavioral changes (Skinner et al., 1991).
Therefore, the hypothesized elevated presence of the paralytic cytokines during larval
ejection may just be a pathological reaction to the damage caused by the larva
egressing from the host. As of yet there is no empirical evidence to suggest these
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cytokines are elevated during this phase, or that the larvae adaptively manipulate them
to begin with. Utilizing the wasp venom's properties for host locomotor control during
larval and adult life stages seems more parsimonious than developing two different
mechanisms for the same paralytic function.

Given the lack of mechanistic understanding of how both the OA manipulation and
the hypothesized cytokine production boost occur during the wasp-caterpillar
interaction, it is difficult to empirically conclude whether these effects are
immunological reactions of the host to infection, or adaptive manipulations by the
parasite. Logically, the chance of an immunological reactionary response (i.e.,
increase in paralytic cytokine levels) from the caterpillar aligning almost perfectly
with that of the wasp's reproductive strategy would be extremely low. Adaptive
manipulation of OA by the wasp larvae venom seems more parsimonious in this case
given the venom's effects in other host-wasp systems. Further mechanistic studies
looking at the fundamental source of these OA and potential cytokine changes in the
wasp-caterpillar system are needed to build a more complete picture and empirically
confirm adaptive manipulation. Also, looking at the role of potential OA manipulation
in other parasite-host systems that involve significant control of movement, such as
the hairworm-cricket/grasshopper systems, could establish OA as a key gateway
molecule for parasitic control of movement.

A further example of invertebrate immunological manipulation comes from the
schistosome parasite Trichobilharzia ocellata, which infects the snail Lymnaea
stagnalis. The parasite secretes compounds that subvert the snail immune system,
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allowing it to persist within the snail (de Jong-Brink et al., 1997, 2001). Interestingly,
the knock-on effects of this immune manipulation result in decreased investment in
reproduction by the snail. The restructuring in the allocation of energy may favor the
parasite's growth over the host's own fitness. Specifically, the parasite releases an
antigonadotropic cytokine called schistosomin. To date, the neurophysiological
effects of schistosomin are among the best understood relative to other compounds
involved in host manipulation. Once schistosomin binds to neuroendocrine cells it
potentially disrupts the binding of gonadotropic hormones to receptors, and/or a
component of the signal transduction system, resulting in a reduction in the release of
egg-laying hormone. Schistosomin may also enhance adenylate cyclase activity in
neurons, resulting in changes in innervation of the male copulatory system.
Considering the snail is hermaphroditic, the fact that schistosomin can potentially
influence both female and male reproductive systems suggests a very close
evolutionary relationship between the worm and the snail.

The manipulation of sensorimotor processes of gammarids (Amphipoda) by
acanthocephala is another major area of research regarding invertebrate host
manipulation. When infected gammarids are disturbed they display photophilic
behaviors, actively swimming toward the surface and clinging to debris. The opposite
behavior is exhibited in their uninfected counterparts, which swim down into the
benthic layer (Bethel and Holmes, 1973, 1974; Rauque et al., 2011). This behavioral
manipulation of infected gammarid's makes them more susceptible to avian predators,
increasing trophic transmission opportunities for the parasite (Bethel and Holmes,
1977). Experimental injections of serotonin (5-HT) in uninfected gammarids
provoked identical photophilic and clinging behaviors as seen in infected gammarids
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(Helluy and Holmes, 1990). This result has been replicated in other acanthocephalagammarid host parasite systems as well (Tain et al., 2006).

Collectively these studies indicate that 5-HT plays a major role in modulating
sensorimotor pathways in gammarids. However, given the high concentrations of 5HT required to elicit the photophilic behaviors, it is doubtful the parasites (based on
energetic costs) release that amount of 5-HT directly into the surrounding host tissues
(Thomas et al., 2005; Adamo, 2012). Instead, convergent evidence suggests the
involvement of immune defense systems upstream of the 5-HT-induced sensorimotor
changes (Helluy, 2013). Upon infection, the prophenoloxidase (proPO) cascade is
activated in gammarids leading to the production of melanin and the active enzyme
PO (Cerenius and Söderhäll, 2004; Nappi and Christensen, 2005). The melanin is
used to encapsulate parasites resulting in their death (Nappi and Christensen, 2005).
In acanthocephalan-gammarid associations we see a decrease in PO followed by a
surge in 5-HT levels (Lefevre et al., 2009). This could indicate that subversion of the
host immune system results in the 5-HT surge necessary to trigger sensorimotor
manipulation (Helluy, 2013). However, this is likely to be only a small part of the
picture. Many other host defense mechanisms such as cytokine or toll signaling
pathways are yet to be investigated with regards to gammarids.

2.3.3 Tumor Necrosis Factor Family: A Key Player in Immunological Manipulation?
Research indicates that the TNF family of cytokines may be a fruitful avenue of
research when it comes to immunological manipulation in host-parasite systems.
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Several studies, spanning multiple invertebrates, have described TNF as a key proinflammatory cytokine associated with response to parasitic infection (Mekata et al.,
2010; Vidal, 2010; Wang et al., 2012). Eiger, a member of the TNF family, is a key
component of the neuroinflammatory response in vertebrates and has been implicated
in the process of melanisation (Fearon and Locksley, 1996; Igaki et al., 2002; Mabery
and Schneider, 2010). A study by Qin et al. (2007) also found that TNF-α, generated
by parasitic immune activation, can cross the blood brain barrier and kill specific
neuronal populations in mice. Considering that L. amazonensis upregulates TNF-α in
mice (as previously discussed), this suggests TNF-α regulation and the resulting
neuronal degeneration in the pre-frontal cortex as a potential key aspect of
immunological manipulation. Holistically, this apparent overlap in the importance of
TNF (and cytokines in general) across taxa suggests that promising future research
will be inspired by the similarity of neuroimmune systems between invertebrates and
vertebrates, and in the convergence of host manipulation mechanisms across distantly
related phyla.

2.4 Proteomic and Genomic Host Manipulation

2.4.1 Proteomic Manipulation
Compared to immunological host manipulation and its proposed “middle man”
approach, directly altering gene and protein expression in the host CNS appears to be
a very blunt and direct mechanism. One of the most prominent cases comes from a
line of research conducted on hairworms (Nematomorpha). These endoparasites infect
a wide range of arthropod hosts (Poulin, 2010, 2011a; Thomas et al., 2010), inducing
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intense hydrophilic behaviors in their otherwise hydrophobic hosts (Thomas et al.,
2002; Poulin, 2011a). A dramatic case of this induced behavioral switch, comes from
the cricket Nemobius sylvestris. When infected with the hairworm Paragordius
tricuspidatus, and once the parasite has achieved reproductive maturity, the cricket
essentially commits suicide in large bodies of water (Biron et al., 2006). Once there,
the hairworm emerges from the cricket and reproduces in this aquatic environment,
thus increasing its chances of transmission to further hosts (Biron et al., 2006).

Given the extreme behavioral change induced by Nematomorph infection, and the
apparent convergence of the manipulated phenotype across arthropod hosts it is
perhaps unsurprising that the potential causative mechanisms have been investigated.
Research has focused on two separate host-parasite relationships (the cricket
mentioned above, and a grasshopper species infected with a similar hairworm) in
which the hosts exhibit the same hydrophilic behavioral tendencies when infected
(Biron et al., 2005, 2006). Using 2D gel electrophoresis and mass spectrometry, with
successive characterization of both the host and parasite proteomes, investigators have
found differential protein expression linked to neurotransmitter activities in the CNS
of both arthropods at different time stages of infection (Biron et al., 2005, 2006). This
provides a strong case for the host proteome being manipulated during infection in
these two host-parasite systems. Interestingly, evidence suggests that the hairworm
induces apoptosis in the grasshopper but inhibits this process in the cricket (Biron and
Loxdale, 2013). Both of these tactics have the potential to disrupt the host's CNS
function (Klein, 2003; James and Green, 2004). However, the connection between
infection and the molecular /behavioral change in the host still remains unclear, with
no concrete evidence yet to suggest a connection between the two.
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Revisiting the gammarid parasite system; it is noted, that two studies also investigated
the effects of trematode infection on host proteome expression. The two gammarid
species investigated were Gammarus insensibilis and Gammarus pulex. It was found
that 13 and 8% of the gammarid proteome, respectively, was differentially expressed
in the presence of the hairworm parasite (Ponton et al., 2006). Many of the proteins
manipulated by the trematode were implicated in playing crucial roles in 5-HT
production (Helluy, 1983; Ponton et al., 2006). Furthermore, results of these
proteomic studies indicated that arginine kinase is differentially expressed in infected
over uninfected gammarid brains (Ponton et al., 2006). Arginine kinase is a regulator
of nitric oxide production (Mori and Gotoh, 2000). As discussed, nitric oxide can also
be regulated by the immune system and is a known neuromodulator (Rozenfeld et al.,
2003). This

corroborates results

of previous

studies concerning possible

immunological manipulation and the resulting change in CNS 5-HT levels, suggesting
parasites are using multiple manipulative avenues to gain control over host behavior.

Similar levels of proteomic manipulation, were also found in Artemia-cestode
associations. Here, according to the researchers, the parasite demonstrated adept
control over its host's behavior, in order to increase its chances of trophic transmission
(Amat et al., 1991; Sánchez et al., 2006, 2007). Specifically, two peptides were found
to be consistently down-regulated in a single Artemia species experimentally infected
with 3 different species of cestode (Sánchez et al., 2009). Since the same behavioral
manipulation was seen across all experimental infections, these two peptides are
strong potential candidates for involvement in the manipulative process. However, as
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addressed before with regard to immunological manipulation, multiple gaps in our
understanding of the full process of host manipulation hinder attempts to make
scientifically robust conclusions as to whether these peptides actually contribute to the
behavioral manipulation.

2.4.2 Genomic Manipulation
The field of epigenetics has been receiving increasing interest in the field of hostparasite systems. Epigenetic mechanisms alter gene expression without altering the
DNA code itself and such changes can be inherited (Poulin and Thomas,
2008; Gómez-Díaz et al., 2012). As such, epigenetic changes induced by a parasite
can potentially alter the hosts behavior as well as the offspring of the host.
Conceptually, the behavioral changes induced in the host's offspring would enable an
increased probability of transmission for the parasites own progeny (Poulin and
Thomas, 2008). Most of this research has focused on intracellular protozoan parasites,
specifically, Theileria, Toxoplasma, and Plasmodium (Lüder et al., 2009; Hari Dass
and Vyas, 2014; Sivakumar et al., 2014; Cheeseman and Weitzman, 2015). The
epigenetic programming by the parasite falls into 3 categories: the epigenator, the
epigenetic initiator and the epigenetic maintainer (Berger et al., 2009). In order to
establish stably heritable states of genetic suppression, the pathogen must possess
mechanisms that progress logically from the epigenator to the maintainer to have a
lasting structural influence on host's DNA (Berger et al., 2009; Cheeseman and
Weitzman, 2015).
Recently, extensive studies indicate that several intracellular parasite species meet
these criteria, implying that in these cases, infection can have a direct impact on gene
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expression (Lüder et al., 2009; Hari Dass and Vyas, 2014; Sivakumar et al.,
2014; Cheeseman and Weitzman, 2015). This in turn has a variety of adaptive
consequences for the parasite. For example, McMaster et al. (2016) concluded that
hosts

infected

with Leishmania (previously

implicated

in

immunological

manipulation) systematically had the activity of their macrophages down regulated as
a result of the pathogen's epigenetic mechanisms. However, the hypothesis of transgenerational behavioral effects from genomic modulation is yet to be empirically
supported in intracellular parasites (Poulin and Thomas, 2008; Gómez-Díaz et al.,
2012).

Perhaps the strongest evidence to date, for epigenetic modulation affecting host
behavior comes from the increased release of testicular testosterone in T.
gondii infected male rats (Lim et al., 2013; Vyas, 2013). Testosterone crosses the
blood brain barrier in the infected host to have a wide variety of effects including
hypomethylation of the arginine vasopressin gene within the posterodorsal medial
amygdala resulting in elevated vasopressin expression that may alter behavior of male
rats (Auger et al., 2011; Hari Dass and Vyas, 2014; Abdulai-Saiku and Vyas, 2017).
Interestingly, testosterone has been implicated in acanthocephalan-gammarid host
manipulation and other host-parasite systems as well (Klein, 2004; Lewis et al.,
2016). This suggests that the epigenetic mechanism found in Toxoplasma may be
present at a similar level in these other systems. However, failure to replicate the
behavioral effects of testosterone in female hosts implies this mechanism of host
manipulation struggles to account for the sexually dimorphic effects of testosterone
(Lewis et al., 2016; Abdulai-Saiku and Vyas, 2017).
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Evidence that macro-parasites, such as nematodes and cestodes, using epigenetic
mechanisms to control their hosts, is currently limited, although given the extensive
proteomic impact these parasites can have on their hosts, the most parsimonious
explanation may be genomic manipulation. Indeed, two recent studies suggest that
extracellular parasites can have wide reaching impact on their host's genome
(Feldmeyer et al., 2016; Geffre et al., 2017), suggesting gene regulation is a key factor
in host manipulation. While in both cases compelling evidence is provided for
potential gene-induced behavioral manipulation, the researchers could only establish
correlation and not causation for the effect of gene regulation on host behavior.
Again, this emphasizes the need to empirically connect infection with molecular and
behavioral changes in the host.

Holistically, the apparent connection between gene expression and behavior is
becoming clearer as the field of behavioral genetics develops. For example, the
foraging (for) gene encodes protein kinase G (PKG), which is potentially involved in
the phosphorylation of multiple neuropeptides and hormones (Fitzpatrick and
Sokolowski, 2004). Modulation of PKG levels has been consistently linked with
regulation of locomotor activity across multiple insect species (Fitzpatrick and
Sokolowski, 2004; Houte et al., 2013). Given that multiple other “locomotor” gene
targets exist as well as the for gene in insects (Houte et al., 2013), and the
commonality of locomotor behavioral manipulation in host-parasite systems, gene
manipulation could be a realistic approach to manipulating locomotion.
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However, two baculovirus species that alter the locomotive activity of their hosts,
appear to bypass gene regulation in favor of releasing protein tyrosine phosphatase
(PTP), a dephosphorylation enzyme, into the host (Kamita et al., 2005; van Houte et
al., 2012). Consequently, the PTP is thought to dephosphorylate PKG. This alters the
activity

of

PKG,

and

thus

phosphorylation

of

its

downstream

neuropeptides/hormones, resulting in alteration of behavior. As a result, PTP has been
put forward as a potential key protein involved in behavioral manipulation (Houte et
al., 2013). A large amount of work will need to be done to validate this suggestion
however. Aside from the various mechanistic studies required to validate the multiple
steps in this theoretical framework, a key assumption must be verified here. Evidence
for this hypothesis is based on the correlation between the expression level of the PTP
gene in the parasite and the presence of the behavioral modification. The assumption
here is that PTP level in the host correlates with parasite PTP gene expression. Given
PTP is a crucial enzyme for physiological processes (Mustelin, 2007), it is possible
PTP knockouts in the parasite may adversely affect its functioning. Therefore,
abnormal functioning might be the reason for loss of the behavioral manipulation
ability, rather than no PTP being released into the host. Essentially, correlating
parasite gene expression with host behavioral manipulation can be very informative,
but the product of that gene expression must be quantified in the host also. On the
whole, the PTP-PKG system is a logical and elegant solution to understanding
locomotor (and potentially other) behavioral manipulation, but it needs empirical
evidence that confirms what happens to the PTP once it is expressed.
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2.4.3 Integrating Immune and Proteomic/Genomic Pathways
Some studies indicate that blocking or overexpressing genes may be tightly linked to
immunological manipulation (Hakimi and Cannella, 2011; Rahman and McFadden,
2011; McDonough and Rodriguez, 2012). It is common for intracellular pathogenic
species to release compounds directly into their own host cell and the surrounding
cells to regulate gene expression (McDonough and Rodriguez, 2012). Through the
modulation of critical second messenger pathways within cells, such as cAMP,
changes in gene and protein expression occur in the host that can manipulate the
host's immune system (i.e., cytokine production) (Hakimi and Cannella,
2011; Rahman and McFadden, 2011; McDonough and Rodriguez, 2012). A classic
example of this comes from T. gondii, which secretes protein kinase IKK into host
cells (Hakimi and Cannella, 2011), resulting in increased phosphorylation of IκB-α,
triggering the activation of the transcription factor NF-κB (Rahman and McFadden,
2011). This transcription factor plays a known role in immunological gene and protein
expression as well as neural signaling (Meffert et al., 2003; Gilmore, 2006).
Integration of genomic and immunological pathways to deter immunological defenses
and potentially manipulate their host's behavior, is a classic example of the “multipronged” approach parasites may take when manipulating host behavior (Adamo,
2013).

2.5 Neuropharmacological Host Manipulation

2.5.1 Monoamines and Hormones
Neuropharmacology is the study of a drug's action on the nervous system. Mounting
evidence suggests that parasites can secrete neuromodulators (hormones or
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neurotransmitters), that impact upon the functioning of the host's CNS (Klein,
2003; Adamo, 2012, 2013; Lafferty and Shaw, 2013). This can potentially result in
the manipulation or creation of behaviors that assist in parasite transmission into
suitable environments or a definitive host (Moore, 2002). The production and
application of substances that alter CNS functioning is not restricted to a parasite's
manipulative effort. Indeed, a host's own body does this automatically to enable
neuronal plasticity, and thus adapt its behavior to unpredictable environments (Huber,
2005). Given enough evolutionary time, parasites could have adapted to exploit
receptor-binding sites that enable plasticity, thus giving them a window into
behavioral manipulation of their hosts.

Neuromodulators are capable of achieving long-term physiological effects (Lafferty
and Shaw, 2013). In particular, parasites commonly use the potent monoamine
neurotransmitters dopamine (DA), serotonin and octopamine with conservation in
structure and function across the vast range of host taxa that parasites manipulate
(Pflüger and Stevenson, 2005; Shaw et al., 2009; Helluy, 2013; Libersat and Gal,
2013; McConkey et al., 2013; Vyas, 2013; Webster et al., 2013). These monoamines
are also used by hosts to regulate a wide variety of brain functions from stress to
reproduction (Libersat and Pflueger, 2004; Nelson and Trainor, 2007; Øverli et al.,
2007). As discussed earlier, hormones such as testosterone are also thought to play a
key role in neuropharmological manipulation (Auger et al., 2011; Hari Dass and
Vyas, 2014; Abdulai-Saiku and Vyas, 2017).
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2.5.2 Challenges in Assessing Neurochemical Behavioral Manipulation
In some host-parasite systems it remains unclear whether parasites alter CNS function
via the direct secretion of neuromodulators, or if they subtly secrete a factor that
manipulates the host into producing more neuromodulator indirectly. Consider that
the average disparity between host and parasite body sizes is quite large (Poulin and
Maure, 2015) and neuromodulator concentrations need to be high in the host to
generate the behavioral shifts seen in experimental injection studies (Helluy and
Holmes, 1990). Given this, it would appear the indirect option should be the most
parsimonious in most host-parasite systems, as it would be too energetically costly for
the parasites to produce the required levels of neuromodulator directly. Increasingly
this seems to be the case in host parasite systems (Thomas et al., 2005; Adamo,
2012; Houte et al., 2013; Libersat and Gal, 2014). For example, looking back to the
jewel wasp-cockroach parasite-host system, evidence suggests OA is regulated
through indirect mechanisms (Rosenberg et al., 2006). This is surprising considering,
as a host-parasite system, it would be one of the most likely to directly manipulate
neuromodulator levels in the host, given the relatively similar body sizes between the
host and parasite, and the precise control over where the wasp can target its
manipulation (Libersat and Gal, 2014).

The potential for direct alteration of monoamines in the jewel wasp-cockroach system
may not be completely squandered however. If we look at the induction of
compulsive grooming in the cockroach after injection of wasp venom into the CNS,
evidence suggests a dopamine-like substance in the venom triggers the grooming
behavior (Weisel-Eichler et al., 1999). Indeed, experimentally injecting dopamine into
the hemolymph of an unstung cockroach triggers a similar behavior (Weisel-Eichler
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and Libersat, 2002). However, incorporating this evidence into the argument for
indirect over direct monoamine manipulation mechanisms is complicated for multiple
reasons. In particular, no study quantifies how much of this dopamine-like substance
is delivered on average per sting. Therefore, the volume delivered could range from
an extremely low to a relatively high amount. Given the small disparity in body size
between the cockroach and wasp relative to most other host-parasite systems, it is
entirely possible a relatively large quantity of dopamine could be delivered to the
cockroach CNS, with comparatively little energy expenditure from the parasite.

Conversely, a low amount of dopamine could be just as effective, given the wasp
consistently targets the sub and supra-esophageal ganglion of the cockroach. If this is
indeed the target site for its manipulation of behavior, consider the reduction in
distance and thus dilution of the dopamine if the wasp releases it very close to its
targeted manipulation site, rather than non-specifically adding it into circulation
further away. Applying this rationale to other host-parasite systems provides a
potential counter argument to the indirect over direct method of monoamine
manipulation. However, when we look at the placement of cerebral parasites such
as T. gondii in the brain, it appears to be random, with no placement in a specific area
(McConkey et al., 2013). This suggests either being located in the CNS renders the
release of low amounts of monoamines sufficient to produce behavioral modification,
or indirect mechanisms such as influencing neuronal populations is the more adaptive
answer.
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On top of all this, the cockroach's compulsive grooming behavior may be a
pathological side effect of infection, rather than an adaptive behavioral manipulation.
The best hypothesis posits that the grooming keeps the cockroach in place while the
latter paralytic phase of the venom kicks in allowing the wasp to easily relocate the
cockroach upon its return visit (Libersat and Gal, 2014). However, it is probable that
the grooming may be a side effect of the component in the venom, which alters the
activity of dopamine neurons as well as its target OA neurons in the CNS. The
dopamine-like substance present in the venom could be an artifact of evolution
(vestigial), a by-product of venom production or have an adaptive function in the first
sting the wasp uses to initially paralyze the legs of the cockroach, but no adaptive
function in the second sting. Given we only know it is present in the venom but not its
concentration, the first two alternative suggestions cannot be ruled out. Also, it is
possible that the locomotor effects of the venom, i.e., paralysis of the legs, and loss of
ability to initiate movement, may overlap with the compulsive grooming behavior.
Therefore, the grooming behavior may not be necessary to keep the cockroach in
place, since the other two effects of the venom may keep the cockroach sedentary
regardless. Ultimately, it is clear the jewel wasp-cockroach system is difficult to place
in the indirect vs. direct monoamine manipulation debate. In truth, it may suggest that
in some systems, parasites are often capable of using both direct and indirect
mechanisms simultaneously to adaptively alter monoamine levels in their host.

A further conundrum faced by parasitologists investigating neuropharmological
mechanisms is that neuromodulator effects applied experimentally to the host, in
absence of the parasite, are often very different to the behavioral changes evoked by
the parasite itself (Adamo, 2013). This has been encountered across many studies that
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experimentally replicate the neuromodulator change associated with behavioral
manipulation in the absence of a parasite. For example, the cysts formed by T.
gondii have been shown to secrete tyrosine hydroxylase, a rate-limiting enzyme in the
synthesis of dopamine (Cooper et al., 2003; Gonzalez et al., 2007; Prandovszky et al.,
2011). In vitro, neurons containing cysts were found to secrete more DA than neurons
without (Prandovszky et al., 2011). On a superficial level this implies that upregulation of DA may result in increased attraction of rodents to the urine of felines.
However, increasing dopamine release via the drug L-DOPA in non-infected rodents
results in the opposite behavior to those of infected rodents (Cooper et al.,
2003; Jaunarajs et al., 2011). As mentioned previously, Toxoplasma is involved in
immunological manipulation (Rozenfeld et al., 2003; Henriquez et al., 2009) and
studies show that Toxoplasma has influence over testicular testosterone secretion as
well (Vyas, 2013). This indicates that multiple mechanisms may contribute toward
behavioral manipulation in Toxoplasma (Webster et al., 2013).

The final case of behavioral manipulation presented here is very interesting. It has no
potential direct impact on neuronal functioning, and therefore would be best described
as pharmacological manipulation. Furthermore, it does not use monoamines or
hormones. Mosquitoes are known to be attracted to humans infected with malariainducing Plasmodium spp.

parasites.

This

facilitates

the Plasmodium spp.

transmission to the mosquito, its definitive host (Cornet et al., 2013; Batista et al.,
2014). Until very recently the mechanism for this behavioral manipulation was
unknown. Plasmodium falciparum releases an isoprenoid precursor into the red blood
cells of its human host, resulting in an increased release of carbon dioxide,
monoterpenes and aldehydes. Based on experimental evidence, this combination of
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molecules is hypothesized to attract and subsequently affect infection susceptibility
via gene transcription modulation of mosquito hosts (Emami et al., 2017).

2.6 Symbiont-Mediated Manipulation

2.6.1 Viruses as Vectors for Behavioral Manipulation
Symbiont-mediated manipulation of host behavior involves a close relationship
between two parasitic species that may directly result in behavioral manipulation of
their target host. The only scenario that has empirical support for symbiont-mediated
manipulation is the relationship between a macro-parasite and the viruses that use it as
a vector. Essentially, the macro-parasite harnesses the virus' manipulative abilities,
while the virus uses the macro-parasites as delivery device (Dheilly et al., 2015). Let
us look at the ladybeetle-wasp host-parasite system: the best and (currently) only
empirically confirmed example of symbiont-mediated manipulation. The wasp injects
its eggs into the ladybeetle. After roughly 20 days a single larva egresses from the
host and spins a cocoon on the ventral surface of the beetle. After a week, an adult
wasp emerges from the cocoon, and the life cycle repeats. During this period, the
beetle is completely immobilized, serving as protective structure for the cocoon. The
virus (DcPV) may be responsible for the paralysis, as evidence suggests it causes lysis
of glia cells and thus neuropathy of the cerebral ganglion. Crucially, the wasp injects
DcPV with the eggs into the beetle (Dheilly et al., 2015). Here we can see the
mutualistic relationship the wasp and DcPV share. The wasp gets an adaptive
behavioral manipulation while the virus gets a vector.
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Viral transfer during contact of parasites and hosts is a very common occurrence
across a wide range of host-parasite systems (Lipsitch et al., 1996). Also, examples of
viruses helping parasites persist in their host are now surfacing along with the recent
conceptualization of the holobiome (Ives et al., 2011; Fichorova et al., 2012; Dheilly,
2014). Therefore, there is a distinct possibility that symbiont-mediated manipulation
is not just restricted to the wasp-ladybeetle system. In fact, it may provide an elegant
answer to a troubling phenomenon: the suppression of the Varroa sensitive hygiene
(VSH) behavior in honeybees. Bees displaying VSH behavior remove Varroa-mite
infected bee pupae from the hive, however very few bees utilize this behavior. Given
the adaptive value of this behavior, why only some bees display VSH is puzzling
(Harbo and Harris, 2009). However, considering that Varroa transfers multiple viruses
to the bee while it feeds on the hemolymph (Kevan et al., 2006), symbiont-mediated
manipulation (similar to the wasp-ladybeetle system) resulting in the suppression of
VSH behavior may be a potential answer here. Considering the critical importance of
bees to society, and Varroa's role in colony collapse disorder (Martin, 2001), this
possibility may warrant further investigation.

2.6.2 Symbiogenesis: A Potential Evolutionary Outcome of Symbiont-Mediated
Manipulation
Given the mutualistic relationship between DcPV and the wasp, we can draw tentative
parallels with the symbiogenesis theory: that mitochondria and chloroplasts (and
potentially other organelles) were once free-living prokaryotic organisms that became
assimilated by eukaryotes (Sapp et al., 2002). Ultimately, this comparison between
symbiont-mediated manipulation and the symbiogenesis theory suggests that over
evolutionary time, a virus using a parasite as a vector may start to lose its pre-
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symbiosis traits until eventually it becomes an element only capable of behavioral
manipulation and self-replication. Consider that mitochondria were once free-living
bacteria, and over a vast amount of evolutionary time they were whittled down to two
basic functions: producing ATP and self-replication. Given this potential parallel
between DcPV and the mitochondria (and other organelles) and the recent advances
in the holobiome theory, is it not reasonable to consider symbiogenesis as a potential
evolutionary outcome of the DcPV-wasp system? Furthermore, may single or
multiple (semi) complete processes of symbiogenesis have occurred before in systems
similar to the ladybug-wasp system? This could imply that assimilated, “stripped
back” viruses may be a potential element in initiating behavioral manipulation in
other host-parasite systems.

2.7 Trends in Host Manipulation Research

2.7.1 The Imbalance between Identification and Mechanistic Studies
The literature on host manipulation shows a strong preference toward identification of
behavioral manipulation and/or its ecological significance in various host-parasite
systems, over elucidation of the mechanisms behind this manipulation (hereafter,
these are referred to as “identification” and “mechanistic” studies). For example, of
the 221 empirical studies focusing on trophically-transmitted helminth (worm)
parasites from 1973 to 2014 (dataset from Poulin and Maure's, 2015 review), only 20
of the studies were classed as mechanistic, while the rest were identification studies.
Additionally, this disparity between mechanistic and identification studies appears to
be widening with time. The amount of identification studies on helminth parasites
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appears to roughly follow an exponential trend, while mechanistic studies appear to
be following a weakly increasing linear trend (Figure 2.1). If helminth studies can be
used as a marker for host manipulation research in general, then these trends suggest
identification studies will completely overshadow mechanistic studies in the future.

Figure 2.1: Temporal trend in the cumulative number of studies that identify parasitehost manipulation (n = 201) and those that attempt to elucidate the mechanism behind
said manipulation (n = 20) in helminth studies from 1973 to 2014 (data from Poulin
and Maure, 2015).

The large and widening gap between the number of identification and mechanistic
studies may explain the current difficulty to claim adaptive behavioral manipulation
in host parasite systems. As without empirical causative evidence, which
identification studies cannot provide, the chance that behavioral manipulation may be
a pathological side effect of infection rather than adaptive cannot be ignored.
Mechanistic studies can nullify the possibility of pathological side effects, because
proving these behavioral changes are the direct result of molecular manipulation
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implies causation, not correlation. Therefore, this difficulty to claim adaptive
behavioral manipulation may stem from a lack of mechanistic studies providing
causative evidence. Adding another perspective to this argument, it is thought that to
confirm adaptive manipulation, evidence that the parasite expends energy during
behavioral manipulation is required (Perrot-Minnot and Cézilly, 2013). Methods that
correlate energy expenditure of the parasite during potential adaptive behavioral
changes in the host may provide a reliable indicator of active manipulation by the
parasite.

2.7.2 Specializing in a Sea of Host-Parasite Systems
Identification studies in helminth systems have indicated potential behavioral
manipulation in 135 host-parasite species combinations, while mechanistic studies
have only looked at the mechanism behind 17 of these combinations (extracted
from Poulin and Maure's, 2015 review). Also, there is an estimated 300,000
uninvestigated helminth parasite species infecting vertebrates alone (Dobson et al.,
2008). Furthermore, it is apparent that the majority of mechanistic studies are focused
on a few host-parasite systems that usually have immediate consequences for humans.
Collectively, this implies that scientists are only looking at the tip of an enormous
iceberg of host-parasite interactions. Furthermore, when they do look, it's primarily to
identify rather than mechanistically understand behavioral manipulation in
anthropocentric or readily observable host-parasite systems. Considering this, the fact
that principles or guiding mechanisms for the different types of host manipulation
have not yet been uncovered yet is reasonable, given so many host-parasite systems
remain uninvestigated.
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This lack of foundational direction in the host manipulation literature is evident in
host-parasite systems that have absorbed most of the research effort. For
example, Toxoplasma-host systems are one of the most studied in the field of
parasitology, and while considerable progress has been made on this model system, it
still faces the same struggles as lesser-studied systems. Specifically, there is a need to
integrate the multiple identified mechanisms and to better connect the evidence for
the reported molecular changes to the process of behavioral manipulation.
Undoubtedly, Toxoplasma is the poster child of host manipulation, and has
consequently drawn a lot of funding and attention for the field. While hostToxoplasma systems that have the potential for adaptive behavioral manipulation will
continue to contribute significantly to the field, dead-end host-Toxoplasmasystems
may have limited potential. The human-Toxoplasma system is a particularly good
example, with little mechanistic basis for a multitude of reported correlative
behavioral effects resulting from infection. Parasitologists might consider directing
research effort away from host-parasite systems such as human-Toxoplasma and
toward systems with potential adaptive behavioral manipulation.

Furthermore, parasitologists should not be discouraged from investigating new hostparasite systems for adaptive behavioral manipulation. Finding convergence in
manipulative mechanisms across evolutionary distant parasite species would be a
significant finding. For example, finding that PTP is crucial in multiple other hostparasite systems where behavioral manipulation occurs would greatly contribute to
establishing PTP as a gateway for behavioral manipulation. Similarly, expanding on
the hairworm-grasshopper/cricket systems to other hairworm-host systems (of which
there a many) and finding similar modulation of protein levels would be noteworthy,
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suggesting a convergence in the mechanisms used to generate hydrophilic behavior.
Essentially, establishing similar potential mechanisms within types of behavioral
manipulation (i.e., locomotor adjustment, aggression, hydrophilia) will progress the
field from hypotheses to theories of behavioral manipulation. However, it is important
to keep in mind that behavioral manipulation has arisen multiple times over the course
of evolution. Therefore, it is important to not seek convergence in mechanisms where
parsimony is significantly compromised. The ultimate goal here should be to establish
working hypotheses on where the different types behavioral modifications first
evolved, and the initial mutations that eventually lead to the different types of
behavioral manipulations.

2.7.3 Fully Realizing a Multi-Dimensional Phenomenon
From the previous sections, it is clear that comprehensively summarizing the major
pathways of host manipulation in isolation is not possible. Furthermore, the further
researchers delve into the mechanisms of host manipulation, the more apparent this
integration and reliance on multiple pathways becomes. Toxoplasma is a textbook
example of this phenomenon, having multiple effects on all the major pathways of
manipulation. The integrated action of these pathways is clear from past research (not
just Toxoplasma) and appears to be a crucial component in the manipulation of host
behavior by parasites. Given this, the analysis of 50 mechanistic studies on parasite
behavioral manipulation published between 1990 and 2017 yields surprising results
(Figure 2.2). Only 7 of the mechanistic studies directly mentioned, or considered as
an alternative hypothesis, all of the major pathways in host manipulation within the
context of their study. Fourteen studies considered another pathway other than their
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Figure 2.2: Consideration of the major pathways in host manipulation:
Gene/proteomic, neuropharmological and immunological, from 1990 to 2017 in
mechanistic studies of host manipulation. Studies were selected using the Web of
Science database (search terms: parasite* AND behavior* AND mechanis* AND
manipula* OR effect*), and classified based on their consideration of the pathways of
host manipulation. To qualify for “consideration,” studies had to either directly
address the pathway, or consider it as an alternative hypothesis relative to their
original target pathway. 58% (n = 29) of papers considered a single pathway, while
28% (n = 14) of studies considered two pathways and only 14% (7) of papers
considered all 3 major pathways.
focal pathway, while 29 of the studies in the dataset only considered their focal
pathway, ignoring the other pathways.

Considering the results in Figure 2 highlight the tight focus many mechanistic studies
take to host manipulation, and that evidence suggests parasites are using multiple
pathways to manipulate behavior, we can see a mismatch between the mindsets of the
researcher and the parasite. Ultimately this could be one of the main barriers to
progress in host manipulation research. Therefore, in future studies, researchers
should consider paying greater attention to the possibility of integration between their
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focal pathway and the other major pathways of manipulation. Also, a greater focus
should be placed on the interactions between pathways that enable host manipulation.
Conversely, a more critical consideration of other pathways is necessary, since
molecular alterations in a single pathway could just as likely be pathological side
effects of infection. We need greater awareness of this possibility in hosts with
complex physiology, as the literature on vertebrate immunological manipulation has
demonstrated. Parasites may have to rely on more elaborate mechanisms to establish
themselves and manipulate behavior in complex hosts. Consequently, physiologically
complex hosts may increase the chances of an observed molecular change in the host
being a pathological side effect, rather than a manipulative effort from the parasite.

2.7.4 Redefining the Term Proximate in the Host Manipulation Literature
As suggested multiple times in this review, the crux of past host manipulation
research is the disconnected evidence for molecular manipulation throughout the steps
of host manipulation. Simply put, a functional explanation for any of the molecular
changes seen in infected hosts is rare. If we follow the conceptual framework laid out
for a more detailed explanation of host manipulation in Figure 2.3, to directly
manipulate host behavior, parasites must be releasing “manipulative factor/s” (see
Figure 2.3 for definition) that directly interact with the major pathways of host
manipulation resulting in the observed molecular changes in infected hosts (see
Figure 2.3, step 3). The generation and maintenance of a source for these
manipulative factors (see Figure 2.3 for definition) is also a necessary fundamental
step in host manipulation (see Figure 2.3, step 2).
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Figure 2.3: Depiction of the known (1,4,5) and hypothetical (2,3) major steps in a parasite
manipulating host behaviour adaptively.
Key: Numbers represent known and potential (highlighted in red) major fundamental steps in
host manipulation.
(1) Establishment of parasite in host (location of parasite will vary depending of host-parasite system
i.e., CNS, muscle, digestive tract).
(2) Source (potentially multiple different sources) of manipulation factors activates at a given time
during the parasite’s development cycle, releasing manipulation factors into the host.
(3) Manipulation factors exert their effects on one or more of the major pathways in host manipulation.
(4) Molecular change in the host (a- gene or protein modulation of expression/frequency; bmanipulation of neurochemicals such as serotonin or dopamine; c- manipulation of the host immune
system) as a result of the manipulative factors released by the parasite.
(5) Host behaviour changes as a result of the parasites manipulative effort. Induced behaviour directly
increases the parasites fitness.
GlossaryManipulative factor: Any molecule/substance released by the parasite that alters the normal
functioning of one or more of the major identified pathways for host manipulation, resulting in a
molecular shift in the host which ultimately changes the host behaviour for the benefit of the parasite.
Manipulative factor source: A structure (organelle, membrane, gland etc.) that generates
manipulative factors for the parasite to use in host manipulation.
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Until very recently, with elucidation of the mechanism behind the attraction of
mosquitoes to malaria infected humans (Emami et al., 2017), and the potential
mechanism behind baculoviruses effects on host locomotion (Houte et al., 2013),
there had been no reported attempts to elucidate step 3, and no attempts at all for step
2. Intracellular pathogenic species are also known to release compounds into the
surrounding host tissue, but none of these compounds has yet to be exclusively linked
to manipulative effort. Identification of manipulation factors, and their source, is the
crucial components missing from host manipulation research. For example, consider
that step 2 (venom gland) and step 3 (venom) in the jewel wasp-cockroach system
were undoubtedly confirmed via observation, and that this system is arguably the best
understood and supported case of adaptive behavioral manipulation. Consequently,
proving manipulation factors and their source exist could be a major step toward
generating causative empirical evidence for host manipulation and ruling out
pathological side effects in favour of adaptive manipulation. Mechanistic studies
continually suggest that molecular change in the host is the proximate mechanism for
behavioral manipulation, when in fact manipulation factors and their source should be
considered the true proximate mechanisms.

Recently, Hébert et al. (2017) have provided a potential avenue for identifying these
potential manipulation factors and their source. They found that major genome wide
reprogramming events in Schistocephalus solidus (cestode) were associated in
transitioning to its intermediate fish host and then to its final avian host. Following the
products of genes switched on during transition from intermediate to final host could
potentially lead researchers to the manipulative factors (and their source) produced by
parasites. In future, establishing genomic changes during transitions in other

53

manipulative parasites and revealing the products of these reprogramming events,
would help the field of host manipulation immeasurably. Thus, identifying the truly
proximate mechanisms of host manipulation. This could give parasitologists a new
avenue for confirming behavioral manipulation, and significantly advance our
understanding of how parasites control their host's behavior.

However, it is important to consider that this approach is restricted by a lack of
knowledge of the temporal aspects of host manipulation; i.e., do the molecular
changes required for behavioral manipulation occur rapidly, or take shape over a
prolonged period of time, or involve a combination of temporally-blended changes?
Changes in gene expression in the parasite just prior to host transition (Hébert et al.,
2017) suggest a rapid temporal profile for behavioral manipulation is possible, at least
in this host-parasite system. Yet if a gradual temporal profile for behavioral
manipulation takes place in other host-parasite systems, the rapid gene expression
changes during host transition should be not be associated with potential behavioral
manipulation mechanisms. Instead, genes that slowly alter their expression, or switch
on early in development, will be more likely candidates in these host-parasite
systems. Ultimately, this points to another caveat in the host manipulation literature
that is hindering progress: a limited understanding of the temporal profiles of host
behavioral manipulation.

2.8 Concluding Remarks
Considering the obstacles facing host manipulation research and the vast sea of
uninvestigated host-parasite systems, the field of host manipulation is still in its
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infancy. This is further emphasized by the relative lack of mechanistic studies in the
field. Furthermore, the few mechanistic studies that have attempted to provide
causative evidence have mostly focused upon identifying molecular differences
between uninfected and infected hosts without providing a functional explanation for
said changes. A need for an integrated consideration of the different major pathways
of manipulation is another factor that is likely hindering progress. Essentially, all of
these factors have resulted in a lack of strong causative evidence for behavioral
manipulation by parasites. As such, the field continues to suffer from indecision as to
whether host effects represent adaptive manipulation or pathological side effects of
infection. Overcoming this barrier is likely to be fundamental to future progress in
this field.

The

recent

identification

of a

potential manipulative

factor

in human-

Plasmodium (Emami et al., 2017) and baculovirus-insect systems is a promising start.
To continue this progress, analyzing the gene expression of a parasite during
transitional periods, may direct researchers toward potential manipulative factors and
their source. Moreover, adopting this approach in host-parasite systems that show
convergence in the type of behavioral manipulation across distantly related taxa of
hosts and parasites could be very beneficial, and may potentially help construct
guiding principles/mechanisms for host manipulation.
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CHAPTER 3
COMPARATIVE EXPERIMENTAL TEST OF
HYDROPHILIA IN TWO MERMITHID-HOST
SYSTEMS
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3.2 Introduction
From the known hairworm-host systems, hydrophilia consistently manifests as suicide
into open bodies of water (Thomas et al. 2002, Schmidt-Rhaesa 2001, Biron et al.
2005, Biron et al. 2006, Poinar 2008, Sanchez 2008). However, in mermithid-host
systems hydrophilia does not always manifest in this way. For example, in the
Thaumamermis zealandica (mermithid) – Bellorchestia quoyana (sandhopper)
parasite-host system, one of my model systems, the infected sandhopper burrows
more deeply to find sand with a higher moisture content (presumably) benefiting the
worm (Poulin and Latham 2002). In contrast, in mermithid infected Colobopsis ants,
infected individuals drown themselves in water once the worm has reached a
sufficient size (Mayama 1994). Similarly, in mermithid infected mayflies, the
feminised male hosts are forced to return to the water to ensure maximal dispersal for
the parasites young (Vance 1996).

To explore this conundrum, chapter 3 addresses two related questions, with the
second one to be answered with a laboratory experiment. Firstly, why does
hydrophilia manifest differently in mermithids and hairworms despite the
proposed convergence in mechanism used to generate hydrophilia between these
different parasites? Secondly, can the drowning behaviour observed in some
mermithid/hairworm-host systems be forced in other similar systems which
don’t naturally exhibit this manifestation of hydrophilia?

3.2.1 Hairworm vs mermithid life cycle and host ecology
The hairworm and mermithid life cycles are on the whole very different, except they
converge at the transition event from the definitive host to the free-living stage
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(Figure 3.1). Hairworms have a complex life cycle involving a definitive and
paratenic (intermediate) host. When a mature hairworm is ready to exit its definitive
host, the parasite will force the latter to enter a stream or other free body of water. The
parasite will then exit the host and find a mate. After mating the female will lay
strings of eggs in the water which hatch into free-living larvae. The larvae are then
consumed by a large number of animals, some of which are aquatic insects (e.g.
mayflies, stoneflies, chironomids) which transition to land as part of their own life
cycle. The hairworm larvae encyst within these aquatic insects/paratenic hosts,
remaining in stasis until the paratenic host is consumed by terrestrial scavengers

Figure 3.1: A comparison of the hairworm and mermithid life cycle. Life cycle
continues in a clockwise and anti-clockwise direction in hairworm and mermithid
respectively to highlight convergence in the egression event. Some images were
adapted from BIODIDAC and CSIRO under permission.
(crickets, cave weta, ants etc.). Once consumed, the cyst breaks open and the larva
enters the haemocoel of the new host where it develops into an adult worm and the
cycle repeats (Hanelt et al. 2005, Bolek et al. 2015).
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In the mermithid life-cycle, once a mature worm has forced its host into a location
optimal for survival, it egresses and finds a mate. Free-living adult worms are prone
to desiccation, and tend to exit their host only in water or on water-saturated
substrates. After copulation has concluded the female can persist for years in moist
environments until correct conditions are met to lay eggs. Depending on the species,
the eggs are laid in soil (or in the benthic layer in aquatic mermithids) to hatch into
larvae which then seek a host, or the eggs are laid on plant material where the target
host is likely to consume them directly. Once the egg is ingested by the host, it
hatches and the larva develops into a mature worm, at which point the cycle repeats
(Christie 1937, Baylis 1944, 1947, Nickel 1972, Capinera 1987, Baker and Capinera
1997, Presswell et al. 2015).

The lack of an (obligate) aquatic paratenic host is the major difference between the
hairworm and mermithid life cycle. Hairworms must always lay their eggs in water to
ensure a reasonable chance for transmission to the aquatic hosts. In contrast, many
mermithids are (mostly) free of this constraint and can lay their eggs near the
preferred environment of their target host, thus reducing the distance between the
eggs and new hosts. For example, the aquatic mermithid Gasteromermis sp. lays its
eggs in the bottom substrate of rivers or pools of water, enabling the hatched larvae to
easily reach their aquatic mayfly host (Vance 1996, Williams et al. 2001).
Conversely, the terrestrial mermithid Agamermis decudata lays its eggs in saturated
soil, close to its terrestrial grasshopper host, again allowing easy access of hatched
larvae to a new host (Christie 1937). Therefore, a behavioural change induced by
terrestrial mermithids in their hosts may not necessarily manifest as drowning, but
instead present more subtly such as leading the host to substrate with a higher
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moisture content (Poulin and Latham 2002). However, the environmental preference
of the host may not be the only predictor of the natural manifestation of mermithidinduced hydrophilia.

Hairworms and mermithids are heavily constrained by their morphology not just in
terms of their vulnerability to desiccation, but also in their lack of mobility (Christie
1937, Hanelt et al. 2005, Bolek et al. 2015, Tobias et al. 2017b). Their limited
dispersal ability and need to rapidly find a mate after egression create a serious
challenge for the parasite (Thomas et al. 2002). They need a strategy to bring infected
hosts together at roughly the same time to a ‘meeting point’ or at least close enough
that locomotion by the parasites themselves is enough to reach one another. Exiting
the host in a small pool of water would make this possible, as opposed to exiting
anywhere on saturated soil, by concentrating adult worms in a spatially restricted
environment posing no threat of desiccation. Hairworms, by nature of their
dependence on aquatic paratentic hosts, reap the above benefits as a by-product of
seeking pools of water. However, in terrestrial mermithids I suggest that seeking
pools of water for egression is preferable to other alternatives as long as the pools are
not too far from new potential hosts.

3.2.2 Infected sandhopper vs. earwig life-cycle and ecology
The most effective way to substantiate the above arguments/predictions is to
experimentally test whether terrestrial mermithids are capable of utilizing different
forms of water, rather than their commonly observed preference. As previously stated,
both host-parasite systems chosen in this thesis naturally appear to manifest the
hydrophilic manipulation as an attraction to increasingly saturated substrate (Christie
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1937, Poulin and Latham 2002, Steve Evans, personal communication). By presenting
infected sandhoppers and earwigs with a pool of water in the absence of any
significant substrate saturation, we may be able to observe the drowning behaviour
common to hairworm and other mermithid systems. Below, I introduce the
mermithid-earwig and sandhopper parasite-host systems and discuss the likelihood of
their hydrophilic manipulation being adaptable to different sources of water. This will
allow hypotheses to be generated for each system as to how the infected host will
react when presented with a pool of fresh water.

The earwig Forficula auricularia (Dermaptera: Forficulidae) is an omnivorous insect,
predominantly scavenging a wide range of plant and animal material (Philips 1981).
They are commonly found across the globe from Australasia to Europe in a wide
variety of environments (Poinar 2008). Highest densities are often found in moist
environments with plenty of plant matter (Langston and Powell 1975). Importantly
they are sub-social, usually aggregating in small numbers over a wide habitat range
(Forslund 2000, Kolliker 2007). The mermithid worm Mermis nigrescens infects this
earwig species by laying eggs in plant matter, which are then accidentally consumed
by the earwig during regular feeding (Baylis 1944, 1947). Scientific reports on the
life-cycle of this species of mermithid date back to the 1930s. They report the mature
mermithid egressing from the host into the soil, however they do not mention water
saturation of the soil (Christie 1937). Furthermore, there is no published report
specific to the emergence location preference in the earwig-mermithid life cycle.
Given this, the exact nature of the hydrophilic behaviour induced in this earwig
species is unknown, although anecdotal evidence suggests emerged Mermis
nigrescens have a very strong affinity for water as well as the infected hosts (Steve
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Evans, personal communication). Once emerged from the earwig, the worms mate in
the soil. The female gestates the eggs for roughly a year and after a heavy rainfall
event, it emerges from the soil to lay its eggs in plants and thus the cycle repeats
(Christie 1937, Baylis 1944, 1947, Baker and Capinera).

The sandhopper Bellorchestia quoyana’s ecology is overall very different to that of
Forficula sp. The sandhopper is a supralittoral detritivore commonly found on sandy
New Zealand beaches (Poulin and Rate 2001, Poulin and Latham 2002). While not
reported as being social, because of their dependence on kelp and occasional dead
animals (which have a patchy spatial distribution on the shore), thousands of
immature and mature sandhoppers are found in very tightly packed areas (Inglis 1989,
Marsden 1991, Richardson et al. 1991, Scapini et al. 1992, Poulin and Rate 2001).
The mermithid Thaumamermis zealandica infects the sandhopper when its larvae
penetrate the cuticle of a sandhopper. Once the larva has developed into a mature
worm, it appears to induce its host to burrow deeper into sand where by nature of
gravity, rainwater collects resulting in moist sand. It then egresses from the host at
some point to find a mate. The eggs are laid in the sand and eventually hatch into
larvae which ideally infect a new sandhopper host and the cycle repeats (Poinar et al.
2002, Poulin and Latham 2002).

The crucial difference between these two parasite-host systems that informs whether
the behavioural manipulation will potentially be adaptable/opportunistic is the hosts
spacing in nature. Given sandhoppers are tightly packed together, the chance of a
mermithid finding a potential mate within a short distance is very high. Therefore,
using a body of water (a landmark) for other mermithids to find is not necessary in
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this situation. In fact, large amounts of fresh water cannot accumulate on the intertidal
zone as the sand absorbs the water into lower layers. Earwigs on the other hand are
much more spread out relative to sandhoppers, therefore utilizing pools of water that
form during heavy rainfall, or permanent bodies of water (common in environments
with dense plant life which the earwigs favour) that draw other potential mermithid
mates may be adaptive.

From an ecological perspective (given the above arguments), it is much more likely
that Mermis nigrescens infecting earwigs will induce their host to drown in water
when given no other choice relative to Thaumamermis zealandica infecting
sandhoppers. However, it is important to remember that mechanistically both these
mermithid species are thought to be operating very similarly when generating nonspecific hydrophilia in their hosts. Therefore, even though a pool of fresh water might
not be ecologically relevant to T. zealandica infecting a sandhopper, the fresh water
may act as a hyper stimulus, thus drawing the hydrophilic sandhopper toward it,
similar to M. nigrescens. Conversely, depending on when the two mermithid species
diverged, it is possible that T. zealandica may have lost its ability to induce
hydrophilia and may be acting through another component of the overall suicidal
behaviour, such as increased activity or metabolic rate to extend the burrowing
behaviour of the sandhopper (discussed further in chapter 4 and 5).

3.2.3 Hypotheses/predictions for behavioural test
As discussed in chapter 1, it would be deleterious for the parasite to drown the host
while it is still developing. Therefore, only hosts with long/mature worms should
enter the water. Size-dependent attraction to water in both the sandhopper and earwig
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trials is crucial to support the ontogenetic aspect of my investigation into the
mechanisms behind hydrophilic induction (see chapter 4). Overall, it is difficult to
predict the outcome of forcing the sandhopper mermithid T. zealandica to choose
between a pool of water or nothing upon emergence given the clash between
ecological and mechanistic ideology. Ultimately, I hypothesize that if convergent
evolution has shaped the mechanisms behind the induction of non-specific
hydrophilia in mermithid (and hairworm) hosts, regardless of ecological
conditions, then only mature T. zealandica-infected sandhoppers will enter water
pools.

In the mermithid-earwig system, it is much easier to predict the outcome of
behavioural experiments as mechanistically (from a convergent evolution perspective)
and ecologically (see above) it logically follows that the mermithid would force its
host to water. I hypothesize that if M. nigrescens induces non-specific hydrophilia
in its earwig host and fresh water acts as hyper-stimulus and/or is the most
adaptive place to egress, then only earwigs with a mature mermithid infection
will enter the water.

3.3 Methods
Four batches of sandhoppers were used in the experiments. The first was collected on
Monday, first week of November 2017 at Smails beach in Dunedin (New Zealand).
Previously, this beach was found to have a sandhopper population with a relatively
high prevalence of mermithid infection (up to 10%) (Tobias et al. 2017a). At midday
420 sandhoppers were caught haphazardly by hand, while digging under kelp that had
washed up on the beach. One hundred and five sandhoppers were taken from each of
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four kelp patches, with a distance of roughly 10m between patches. Sampling was
biased towards larger individuals with a higher chance of infection. Sandhoppers were
transferred to 20-litre buckets, with a different bucket used for each patch. Each
bucket was lined with sand and pieces of kelp from the sampling site to reduce stress
of transfer. In addition, sand and kelp were taken from the beach to generate
environmentally realistic arenas later on.

The sandhoppers were taken to a temperature-controlled room (18oc) with a 16hr day8hr night cycle in the animal control facilities of the Zoology Department, Otago
University. In this room, 4 identical behavioural choice arenas were set up (fig. 3.2).
100 sandhoppers were added to each arena from the respective buckets (one sampling
patch per arena). Sandhoppers were left in the arenas until Wednesday to acclimate
and reduce transfer/handling stress. Importantly, during this time the pool area was
empty and closed off in all the arenas. To ensure the sandhoppers remained hydrated,
the arenas were sprayed (5 pumps) with fresh water vapour at 9am and 5pm Monday
and Tuesday.
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Figure 3.2: schematics of the behaviour test arena designed to present a pool of water
as the only stimulus to hydrophilic infected sandhopper and earwig hosts. The
foundation of the area was a repurposed 50 by 50 cm glass aquarium. The barrier
(metal grating, hole <1mm) and angled rubber ramp were designed to reduce
accidental entry into the water. Barrier could be slid down to close of pool area if
needed. Dhalia and soil were used for the earwigs, while kelp and sand were used for
the sandhoppers. Dhalia was comprised of two dead heads, while the kelp was 4 strips
(length 10cm, width 3cm). To ensure escape was improbable, the outer edge of the
walls were lined with adhesive and the aquarium was closed off with a glass lid while
observations were not being performed.
At 8:50am on Wednesday the pools were filled with rainwater and at 9am the pools
were opened to the sandhoppers; the arenas were thereafter continuously observed
until 5pm. The time at which each sandhopper entered the pool was recorded.
Entering was defined as having the entire body in the water. If they remained in the
water for over 1 minute, or a worm began to egress they were removed and
individually placed in a labelled eppendorf tube. At the end of the observation
period, remaining sandhoppers were put into falcon tubes and the soil checked for
worms. Arenas were then cleaned. All sandhoppers in eppendorf and falcon tubes
were then euthanized in a -70 freezer overnight. The following day they were sexed
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(based on the hooked posterior appendages of males) and then dissected under a
microscope. Mermithids and caudal plate length from infected sandhoppers were then
photographed (via microscope mounted camera) and measured with image J (1.52i).
This entire process from sampling to dissection was repeated three more times over
the next 3 weeks. In total 1600 sandhoppers were put through the trials. All
sandhoppers were dissected, but data on host sex and size was only recorded for those
with worms.

For the earwigs, only two batches were used (half the sample size of the sandhoppers)
due the higher prevalence of infection in this system. Earwig sampling began in the
first Monday of February 2018 at the Botanical Gardens (Dunedin, New Zealand).
These insects were primarily collected from flower heads. The sampling and
experimental procedures were the same as those for sandhoppers, except soil and
dahlia heads (common earwig refuge and food source) were used to generate a
realistic environment, and the sampling patches were much larger (roughly 25m 2) and
further apart (100m) relative to the sandhopper. The same arenas were used as in the
sandhopper trials. This entire process was repeated in the following week. Earwigs
body length was measured against a ruler and sex was determined by the shape of
their cerci. In total, 800 earwigs were sampled and used in the behavioural
experiments.

Infected hosts were split into categories based on worm length (short <10mm,
medium between 10-100mm and long >100mm) based on Poulin and Latham’s
(2002) data on sandhopper worm length and past observations of egressed earwig
worm length (Christi 1937). Data on worm length were log (x+1) transformed prior to
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analysis to normalise their distribution. Analyses were performed separately for
earwigs and sandhoppers, and included only infected individuals. Firstly, whether or
not a host entered water was treated as a categorical response variable, and a logistic
regression was used to test whether it was influenced by host size (body length for
earwigs, caudal plate length for sandhoppers), host sex, and worm length. Secondly,
using only those individual hosts that ended up in water, the time it took a host to
enter water from the start of the experiment was used as response variable in a
generalised linear model (multiple regression) testing the effects of host size, host sex,
and worm length. All analyses were conducted in JMP version 11.0 (SAS Institute
Inc., Cary, NC, USA).

3.4 Results

3.4.1 Earwig infection status relative to water entry rate
Of the 800 earwigs, 62 were infected (7.8% prevalence). Seven of the infected had
multiple worms ranging from 2 to 5+. Fifteen of the 26 earwigs (58%) that had a long
worm infection entered the pool of water and remained there for a minute before
being extracted (only one had a double worm infection). This is substantially more
than the other categories (short and medium worm and uninfected) which averaged
around 7% entering the water (fig. 3.3). The water entry rate of uninfected earwigs
was the lowest at 3% relative to the other categories. Logistic regression confirmed
worm length had a very strong influence on the chance an earwig would enter water
(X2= 12.36, df= 1, p<0.001), while gender of the host played a weaker role also (X 2=
3.8, df= 1, p=0.0514) (Table3.1). Solitary long worm length ranged up to 257mm
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from 102mm with an average of 151.2437.9mm, with medium worms =
53.425.9mm and short worms = 6.261.72mm.

Percentage of earwig/sandhoppers which entered and
stayed in open water
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Sandhopper

Figure 3.3: Bar graph showing the percentage of earwigs (black, n= 800) and sandhoppers (grey, n= 1600)
which entered the water and stayed there (1min) relative to their infection status. All uninfected denotes any
uninfected sandhopper/earwig that entered the water during the trials. Short, medium and long worms found
in sandhoppers and earwigs were defined by the lengths <10mm, between 10-100mm and >100mm
respectively.. Fractions above the bars indicate the numbers of arthropods that entered the water, against the
total number of individuals in the relevant category (i.e. 23/738 = 23 infected entered the water out of 738
individuals). This fraction was used to calculate the displayed percentage. *** denotes infection status
indicated was statistically significant predictor of host entering water relative to other uninfected or infected
groups.

3.4.2 Sandhopper infection status relative to water entry rate
Out of the 1600 sandhoppers trialled, only 44 sandhoppers were infected (2.8%
prevalence). Of the 44 infected, 4 had multiple worms ranging from 2 to 5+. Four out
of 10 (40%) sandhoppers infected by a long worm entered the water and were
extracted after 1 minute, which was the lowest percentage of all the other sandhopper
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infection statuses (none had multiple worms). All sandhopper groups were very
similar to one another regarding rates of drowning (average of 45%) and were not
significantly different. Over half the uninfected sandhoppers entered and stayed in the
pool until extraction, which is in stark contrast to the uninfected earwig entry rate of
3% (fig. 3.3). Logistic regression confirmed that worm length had no effect on entry
rate in sandhoppers, nor did host size or gender (Table 3.1). Largest worm length
found, excluding multiple worm infected, was 133.6mm with an average of
11913.6mm, with medium worms = 5328.4mm and short worms = 6.12.25mm.

Table 3.1: Results of the logistic regression analysis testing for what factors (gender,
body length/caudal plate length, worm length) influenced hosts chance of entering
water.
Study system
Earwig

Effect/predictor
Gender
Body length
Log worm length

Sandhopper

Gender
Caudal plate length
Log worm length

df
1
1
1

Chi-squared

1
1
1

P-value
3.795
0.143
12.355

0.0514
0.7049
0.0004 ***

0.181
0.00318
0.0518

0.6704
0.9550
0.820

3.4.3 Earwig and Sandhopper timing of water entry
Multiple regression analysis of host gender, host body length and worm length as
predictors of time to water entry in both sandhoppers and earwigs revealed only worm
length in the earwigs to be a weak predictor (F= 4.318, df= 1, p=0.0542) (Table 3.2).
Uninfected earwigs appeared to enter the water at random times (Figure 3.4) while
sandhoppers consistently entered early across all the trials (Figure 3.5). In both longworm infected sandhoppers and earwigs, further infected individuals often entered
within a short period of at least one other long-worm infected host entering water.
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Table 3.2: Results of the multiple regression analysis conducted on what factors
(gender, body length/caudal plate length, worm length) had the most influence on
how fast the hosts entered the water. Only hosts that entered the water were included
in this analysis.
Study system
Earwig

Sandhopper

Effect/predictor
Gender

df
1

F-ratio
1.693

P-value
0.2116

Body length

1

0.4253

0.5236

Log worm length

1

4.318

0.0542

Gender

1

0.0209

0.8869

Caudal plate length

1

0.7531

0.3983

Log worm length

1

1.1456

0.3004

Figure 3.4: The time at which earwigs entered the water in each trial (100 earwig in
each trial), colour coded to their infection status (see legend). Only earwigs which
entered the water were included in this graph. Infected host categories: Short worm
(n=1) = <10mm, medium worm (n=3) = between 10-100mm, long worm (n=15) =
>100mm, uninfected (n=23) = 0mm. Data points were jittered.
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Figure 3.5: The time at which sandhoppers entered the water in each trial (100
sandhoppers in each trial), colour coded to their infection status (see legend). Only
trials where sandhoppers entered the water were included in this graph. Uninfected
sandhopper entry time was averaged, bars represent standard error. Infected host
categories: Short worm (n=3) = <10mm, medium worm (n=11) = between 10-100mm,
long worm (n=4) = >100mm, uninfected (n=378) = 0mm. Data points of infected
groups were jittered.

3.5 Discussion

3.5.1 Earwig drowning rate and timing
Earwigs with long worm infections were far more likely to enter the water than any
other category (fig. 3.3) and worm length was a very strong predictor of entry into
water. This strongly supports the hypothesis that earwigs infected with long worms
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are more likely to enter the water. Support for this hypothesis substantiates, to a
degree,

the

predictions

regarding

how

hydrophilia

will

manifest

in

mermthid/hairworm systems. We now have correlational evidence that suggests the
terrestrial mermithid, Mermis nigrescens, can force its host to enter water, despite
observations indicating it often egresses into water saturated soil (Christie 1937,
Baylis 1944, 1947). This indicates a non-specific response to water when in a
hydrophilic state and/or a flexible, opportunistic strategy leading to mating
aggregations in water puddles. Furthermore, these results parallel those of Maeyama
et al.’s (1994) observations in the terrestrial mermithid infecting Colobopsis sp. ants
drowning themselves in water under lab conditions, further suggesting a potential
adaptive strategy.

However, in the behavioural tests I did not offer the infected earwigs a choice
between saturated soil (observed natural manifestation) or a pool of water, only the
choice between the pool or nothing (moist substrate). The simplified dichotomous
choice greatly hinders the ability to decipher the infected earwig’s preference for the
pool or saturated substrate greatly hinders our ability to conclude to the adaptive value
of the behavioural test. The mermithids may prefer saturated soil and entering the
pool may have been a last resort. However, there is some evidence to suggest
otherwise. Firstly, a mechanism that selects for a specific form of water is much less
parsimonious than a mechanism which creates a non-specific attraction to water
(higher concentrations of water naturally result in greater attraction). Secondly, the
soil in the arenas was moist from the spraying procedure intended to keep the hosts
hydrated, and yet no worms were found in the soil.
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Furthermore, not only did mature mermithid-infected earwigs enter the pool faster
than uninfected, but also often close to one another in time. Relative to body length
and gender, worm length was the only weak predictor of how fast the infected earwigs
entered water (Table 3.2). Yet when earwigs infected with long worms did enter
water, 74% (11 of 15) entered within a 30 minute time frame of at least one other
long-worm infected earwig (fig. 3.4). Conversely, only 35% (8 of 23) of uninfected
earwigs appeared to enter close together in time. A larger data set would allow an
assessment of the statistical significance of this apparent pattern. As it stands, this
disparity in temporal clustering between infected and non-infected earwigs may
suggest, by some unknown mechanism, the worms are coordinating the suicidal
behaviour of their hosts. It could also simply be symptomatic of infected hosts
entering the water faster, thus causing the clustering in the early hours of the trial.
Two clusters do appear at the 4 and 7.5-hour mark, however. One explanation may be
that the worms synchronise their manipulation via environmental cues such as the full
moon or very heavy rainfall (Ponton et al. 2011). Obviously, a lab environment lacks
those cues, therefore overall this is a very strange result. Inducing the behaviour in the
host may also release an odour cue designed to alert other mermithids within infected
hosts nearby. This is purely speculative however.

Considering hosts harbouring long worms appear to be entering water more quickly
and in approximate synchrony, it becomes more difficult to refute that the mermithids
are adaptively seeking pools of water. Furthermore, the grouping effect may explain
why 42% of earwigs harbouring long worms did not entered the water at all. If timing
of water entry is often highly regulated, they may have been ‘waiting’ for the right
moment or were perhaps not ready to come out. The disparity in size of the long
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worms that managed to get their host into water was very large. If at all these different
lengths, induced hydrophilia was the main reason behind water entry, this would
imply there is a long latent phase in the worm's development, where they are capable
of inducing hydrophilia in their host but are waiting for the right moment (such as
another worm inducing hydrophilia, thus the observed grouping effect) or
environmental condition. Therefore, if the behavioural trial period was extended from
8 to 24 hours (even 48hours) I would predict a much higher percentage of long-worm
infected hosts to enter the water.

3.5.2 Sandhopper drowning rate and timing
Compared to the earwigs, the sandhopper behavioural data suggests the complete
opposite result in some aspects, which from a mechanistic and ecological view is both
surprising and expected, respectively. The percentage of sandhoppers which entered
the water was consistent at roughly 50% across all groups (fig. 3.3), with neither size
(caudal plate length), gender or worm length influencing water entry rate (table 3.1).
Therefore, the hypothesis that sandhoppers infected with a long worm would be more
likely to enter water is not supported.

A huge number of uninfected sandhoppers entered the water and stayed until
extraction. This likely confounds the other groups, meaning we cannot distinguish
between whatever is causing the uninfected sandhoppers to enter the water and a
potential hydrophilic effect caused by infection. Given that a pool of fresh water is
likely an aberrant environmental feature in the intertidal zone, it is not surprising both
infected and uninfected sandhoppers reacted in this way. Fresh water is a rare
commodity in an environment predominated by salt water, therefore fresh water may

75

act as an innate hyper-stimulus to the sandhopper causing extreme attraction when
present in large amounts.

However, a simpler explanation may be that the

sandhoppers are very active and fall in the water by chance during exploration and get
trapped in the surface tension of the water (discussed later).

On average, uninfected sandhoppers entered water very early in the trial period,
indicating a ‘rush period’ that tailed off over the course of the trial. This trend was
very consistent across trials (fig. 3.5), suggesting innate attraction to water, regardless
of infection status may be possible here. Uninfected earwig entry time appeared
random in comparison, suggesting entry into the water was purely accidental. Low
prevalence of infection among sandhoppers (2.8%) limits any inference, with only 4
individuals harbouring long worms entering the water. While more data are needed to
corroborate any trends, 3 sandhoppers with long worms clustered very tightly at the
beginning of trial 10, similar to the trend often seen in earwigs.

Interestingly, if this innate attraction to water in both infected and uninfected
sandhoppers is true, then the mermithids would not be under evolutionary pressure to
induce hydrophilia in these hosts. As suggested previously, they may only have to
induce hyperactivity to force the host to burrow deeper. The host itself takes care of
the hydrophilia. From an evolutionary perspective, if manipulative mechanisms are
energetically expensive, there will be a significant pressure to remove them if they are
no longer necessary. Also, induction of hyperactivity would explain the rapid entry
into the water by long-worm infected sandhoppers in trial 10.
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3.5.3 Methodological limitations and extension
Using water vapour to hydrate hosts without confounding the behavioural experiment
was thought to be the optimal solution, however it would have added moisture to the
sand/soil in the arena (possibly deterring infected hosts from water as previously
discussed). The alternative of not hydrating the hosts could have confounded the
water entry results, with a dehydration response to the water rather than hydrophilic
manipulation.

Also, the surface tension of the water seemed to trap both sandhoppers and earwig:
once they entered water, it was very difficult to escape it. This explains why so many
uninfected sandhoppers and few uninfected earwigs were classified as drowning. In
Maeyama et al.'s (year) observations, infected Colobobsis ants continually re-entered
the water if removed. Future experiments should include repeatability of water entry
as an additional criterion, while processing fewer individuals at a time. Alternatively,
a shallower water pool, allowing sandhoppers and earwigs to walk out if they wanted,
would have reduced the chances of misidentifying an individual as suiciding in water.

A complement to this behavioural test would be to assess the infected host’s response
to changing humidity gradients. Humidity is measured as atmospheric moisture and is
essentially a marker for static forms of water. Water naturally releases into the air,
creating an immediate high level of humidity that decreases with increasing distance
from the source (Webb et al. 1980, Gat 2000). Providing behavioural evidence that
infected hosts are attracted towards higher humidity would suggest a mechanism by
which hosts are drawn to a pool of water. As the hydrophilia induced is thought to be
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non-specific, humidity gradients should be the most parsimonious explanation for
how the hosts are attracted to water.

3.5.4 Mechanistic implications and conclusion
Behavioural data is invaluable and can provide evidence of direct causality. However,
as the discussion above demonstrates, when confirming that behavioural manipulation
exists, we need further evidence to establish causation between the parasite and the
behavioural change in the host. Stronger evidence for causation would require
physiological evidence of a mechanism that induces hydrophilia in the mermithid
infected host. The behavioural data from this experiment shows that earwig
mermithids, in their mature stage, are able to force their host to commit suicide in
water. This establishes a stronger foundation on which to hypothesise that a similar
mechanism to induce hydrophilia exists across these species. In contrast, the
sandhopper behavioural data suggest these mermithids may have lost the mechanism
to induce hydrophilia, although they may retain a component of the overall
mechanism to induce deeper burrowing.

Ultimately it will be very interesting to see how this behavioural data, and the
implications therein, align with the proteomic data in chapter 4. We should expect
many proteins found in the brains of earwigs infected by long worms to match up
with results found in the hairworm-host systems. A clear prediction is more difficult
regarding the mermithid-sandhopper system, given the present behavioural results,
although through phylogenetic conservatism one might expect the protein changes
induced by parasitism to be somewhat similar to those in the mermithid-earwig
system. Furthermore, with strong evidence that only long worms manipulate earwigs,
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we have a strong basis to explore the mechanisms of host manipulation as a function
of parasite ontogeny or size (see chapter 1, question 2). Overall, this behaviour data
provides the essential foundation for the proteomic study in chapter 4.
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CHAPTER 4

A MOLECULAR WAR:
CONVERGENT AND ONTOGENETIC EVIDENCE
FOR ADAPTIVE HOST MANIPULATION IN
RELATED PARASITES INFECTING DIVERGENT
HOSTS.
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4.2 Introduction
A molecular war has been raging for millions of years between two factions: parasites
and their hosts (Majerus 1996). Much of the molecular fallout is the result of parasites
defending against host immunological attacks. Fascinatingly, in rare cases, selective
pressures appear to have morphed the parasites’ immunological defence mechanisms
into an indirect attack on the hosts’ central nervous system (CNS) to control host
behaviour (Adamo 2002, Thomas et al. 2005, Biron and Loxdale 2013). Parasitic
‘mind control’ is particularly common in trophically transmitted parasites or
parasitoids that rely on their host being in a specific location before they egress from
it (Lafferty 1996, Lafferty 1999, Mouritsen and Poulin 2003, Kuris 2005, Lagrue
2007, Parker and Chubb 2009, Thomas et al. 2010, Poulin and Maure 2015). For
example, Toxoplasma gondii can force rats into close proximity of their natural cat
predators (definitive host for the parasite) (Hari-drass and Vyas 2014), while
parasitoid wasps can induce their insect host to die in concealed locations, where the
parasitoid can safely complete its development (Brodeur and McNeil 1989).

Transmission success rate, optimal egression location and other factors can result in
evolutionary pressures so strong that parasites can seemingly develop absolute control
of their hosts, leading to some behavioural alterations being labelled as extended
phenotypes of the manipulating parasite (Hughes 2013, Adamo 2013, Poulin and
Maure 2015). While many behavioural and ecological studies have deftly answered
why parasites are manipulating host behaviour (Poulin 1995, Barber et al. 2000,
Moore 2002, Thomas et al. 2005, Poulin 2010), how parasites manipulate behaviour
is the question that has yet to be definitively answered (Herbison 2017, Herbison et al.
2018).
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The suicidal behaviour induced by aquatic endoparasitic hairworms (phylum
Nematomorpha) in a wide range of terrestrial insect hosts globally, is a textbook
example of the extended phenotype (Thomas et al. 2002, Schmidt-Rhaesa 2001, Biron
et al. 2005a, Biron et al. 2006, Poinar 2008, Sanchez 2008), and an ideal system to
begin elucidating the mechanisms of host manipulation. Hairworms are prone to
desiccation and must lay their eggs in water (Schmidt-Rhaesa 2001). These two
factors combine into a strong evolutionary pressure to force their normally
hydrophobic host into water (Thomas et al. 2002). The mechanisms the parasite uses
to switch the host’s behaviour from hydrophobia to hydrophilia were investigated by
Biron and colleagues (2005a, 2006) in hairworms infecting grasshoppers and crickets.
They found a range of proteins involved in geotactic behaviour, neurogenesis,
neurotransmitter/signalling and CNS development that were expressed in the brains of
both infected crickets and grasshoppers during behavioural manipulation. While this
is a promising result, the source of these proteomic changes could not empirically be
found, meaning this evidence only establishes a correlation between infection and the
physiological changes in the host.

Correlative evidence for host manipulation dominates the neuroparasitology literature
(Herbison 2017). By itself, this type of evidence cannot disentangle the host’s
adaptive (immune) and non-adaptive (side-effects) response to infection from the
parasite’s own manipulative efforts (Herbison et al. 2018), leading researchers to
construct narratives around their results (Vyass 2015) and ultimately question whether
parasites actually manipulate behaviour adaptively (Poulin 1995, Poulin 2000, Cezilly
2010, Worth et al. 2013). Establishing causation between parasite infection and
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changes in host physiology is a major challenge in most systems. However,
correlative evidence for host manipulation can be augmented in many ways, making
the argument in favour of adaptation very compelling.

Firstly, finding similar physiological changes and behavioural modifications induced
in disparate host species when infected with different parasite species, would provide
strong evidence for convergent, adaptive evolution. Across a broad phylogenetic array
of host species, it is very unlikely that host responses would have identical side
effects. The most parsimonious explanation would be that convergent evolution
shaped the parasites’ manipulative mechanisms, resulting in similar adaptive
physiological impacts on the host (Ponton et al. 2006 Lefevre et al. 2009, Poulin
2010).

Secondly, evidence based on the ontogenetic component of host manipulation would
be invaluable for supporting adaptive manipulation. Parasites often go through large
physiological and morphological changes during development within their host (Bird
1968, Aikawa 1977, Vickerman 1985, Hall et al. 2005). The parasite’s mechanisms of
manipulation likely only manifest once its development is complete within the host,
as manipulating prematurely would jeopardise further growth in the nutrient rich and
safe host environment (Poulin 2011).

Physiological and biochemical changes

occurring in the host early post-infection may represent immune or other responses
from the host, or other infection-related changes not connected to manipulation.
Contrasting these early changes with physiological changes in the host kicking in later
in the parasite’s development, or during the manipulative event, would be a powerful
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approach to identify more precisely the mechanisms used to manipulate host
behaviour.

Evidence for both convergent evolution and ontogenetic changes in host physiology
coinciding with the timing of host manipulation is rare in neuroparasitology (Poulin
2010). However, mermithid nematodes (phylum Nematoda) that, like hairworms,
induce hydrophilic behaviour in their hosts, are perfect models to generate both these
forms of evidence (Maeyama et al. 1994, Poulin and Latham 2002, Vance 1996).
From an ontogenetic perspective, both hairworms and mermithids are easy to study
(relative to other parasites) as their length is a direct indicator of maturity. In terms of
convergent evidence, similar proteomic results across these two taxa of worms would
establish convergence in mechanism at the phylum level (Nematoda vs.
Nematomorpha). Furthermore, mermithids infect a wide range of terrestrial arthropod
hosts (Baylis 1944, Nickel 1972, Baker and Capinera 1997, Poulin and Latham 2002).
By selecting model parasite species infecting an insect host in one case and a
crustacean in the other, convergence in mechanism can also be examined from the
perspective of different host taxa.

Overall, this study aims to utilize the similar hydrophilic behaviour induced in two
unrelated host species infected with mermithid parasites to test for convergent and
ontogenetic evidence for host manipulation. Specifically, I conducted a proteomic
analysis of the brains of earwigs, Forficula auricularia, and sandhoppers,
Bellorchestia quoyana, infected with the mermithids Mermis nigrescens and
Thaumamermis zealandica, respectively. These host-parasite systems were selected to
test for similar physiological effects across phylogenetically distant hosts to seek
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evidence for convergence in manipulative mechanism across mermithids. I then
compared my findings with the proteomic results from Biron et al.’s (2005a, 2006)
studies on hairworms infecting grasshoppers and crickets, to test for convergent
mechanisms of manipulation between the nematode and hairworm phyla.
Furthermore, I contrasted the proteomic profiles of selected hosts infected with young
versus mature worms, in order to disentangle pathological side-effects and host
immune responses from the parasite’s own manipulative efforts, which should only be
detected in hosts harbouring large/mature worms.

4.3 Methods
Sandhoppers were collected haphazardly by hand under patches of kelp from Smails
beach (45.9076° S, 170.5589° E, Dunedin, New Zealand) in late spring (November–
December) 2016. Earwigs were collected from flowers in the Dunedin Botanical
(45.8553° S, 170.5191°) and Mercy Hospital (45.8611° S, 170.4992°) gardens and
two private gardens close by in early summer (January–February) 2017. Upon capture
all hosts were immediately placed into an Eppendorf tube and immersed in liquid
nitrogen. Frozen arthropods were transferred to a -70o C freezer, and subsequently
freeze-dried and dissected under a microscope on a dissection stage cooled by dry ice.
The sex of each earwig and sandhopper was determined by the shape of the cerci and
absence/presence of posterior hooked appendage, respectively. Worms found were
photographed with a microscope-mounted camera and length measured using ImageJ
(1.52i). Infected hosts were decapitated, exterior appendages (antennae, etc.) were
removed from their head, and the latter was immediately placed back in the -70 oc
freezer. Uninfected controls of the same sex and size as infected hosts were randomly
selected, and their heads were dissected and stored as above.
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Four host brains from bodies with the longest worm infections (sandhopper: 60.7119mm, earwig: 129-263mm) and 4 host brains from bodies with the shortest single
worm infections (sandhopper: 10.4–15.3mm, earwig: 5-7.6mm) were chosen in both
earwig and sandhoppers, along with 4 brains from non-infected bodies (total of 12
brains selected for both earwigs and sandhoppers). Two female and 2 male brains
were selected in each category. Brains were processed separately in batches of 6 (two
from each category). Firstly, they were homogenised using the Filter-Aided Sample
Preparation (FASP) protocol (Wiśniewski 2017) using 10kd centrifuge filters and
trypsin digestion. Tryptic peptides were then further purified by solid phase extraction
on C18 Sep-Pak cartiridges. Unfortunately one earwig control was contaminated and
had to be excluded from further analysis. Peptides were then solubilised in
preparation for Sequential Windowed Acquisition of all Theoretical Fragment Ion
Mass Spectra (SWATH) - mass spectrometry (MS) performed on a LC-coupled
TripleTOF 5500+ LC-MS/MS system. In brief, mass spectrometry is a technique that
sorts molecules in a complex mixture based on their mass-to-charge ratio, and
SWATH-MS provides a record of all detectable peptide precursors in a sample.

SWATH-MS acquisition and data processing were conducted following Tan and
Chung (2018) but separately for both the earwig and sandhopper sample sets and with
several adjustments. Each brain and its constituent peptides was analysed in SWATHMS mode, which was specified for a quadrupole resolution of 25 m/z windows. The
precursor mass range was scanned across 400-1300 m/z, generating a set of 33
overlapping windows. Collision energy per window was set using automated rolling
collision energy with a spread of 5V. Fragment ion spectra per window was recorded
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with an accumulation time of 100 ms across 100-1600 m/z each at high sensitivity
mode, generating a cycle time of 3.4 s. Each sample was run 3 times to establish a
reliable profile, with a blank run between each sample set.

For building the spectral library, pooled samples were analysed by data dependent
acquisition (DDA) mass spectrometry using the same LC conditions as for the
SWATH-MS analysis. The top 15 precursors were selected for collision-induced
dissociation (CID) MS/MS allowing for 3 repeat measurements of each precursor
over a period of 60 seconds. MS/MS spectra generated from the brains were searched
using the Protein-Pilot 5.0 software (AB SCIEX) to create a spectral library for
sandhoppers and earwigs of all peptides/proteins detectable in the samples.
Identification of spectra was performed against the UniProt database with search
parameters specified for Insecta (earwig) or Crustacea (sandhopper) and trypsin
digestion. The detected protein threshold was set at 0.01 and a false discovery rate
(FDR) analysis was enacted by referencing against a decoy database consisting of
reversed protein sequences from the Swiss-Prot database. The final files for each
sample were loaded into the SWATH Acquisiton MicroApp in PeakView software
(AB SCIEX) and extracted ion chromatograms were made for the fragment ions from
all peptides identified. Peak areas were integrated and exported using the following
criteria: the best 10 peptides (99% confidence) were selected for each protein based
on the 6 strongest transitions of the signal intensity.

Integrated peak areas of each sample were then exported to MarkerView software
(AB SCIEX) for quantitation of the peaks. A global normalization was performed
based on the total sum of all peak areas extracted from all the peptides and transitions

87

across replicates of each sample (separately for sandhoppers and earwigs.
Unsupervised multivariate statistical analysis using principle component analysis
(PCA) was performed to compare overall protein differences across the samples,
using Pareto scaling without weighing and auto scaling. Triplicate measures of each
brain were averaged prior to further analysis. A Student’s t-test (using the
MarkerView software) was used for comparison among different groups of brains
depending on their clustering in the PCA based on the average area sums of all the
transitions derived for each protein. The t-test indicates how well each protein
distinguishes the different brains from one another. Only proteins with a log fold
change greater than 0.2 and p-value (from the t-test) lower than 0.01 relative to other
sample groups were included in the analysis. Profiles of the total abundance of
significantly different proteins between samples were plotted with the trace function
in MarkerView.

For the earwigs, GenInfo identifier (gi) of target proteins (derived from MarkerView)
were then cross-referenced with the National Centre for Biotechnology Information
(NCBI) database, while Tramble coded peaks in sandhoppers were cross referenced
with the UniprotKB database. FASTA text (format for representing neucleotide
sequences) of the identified proteins was then extracted from the databases and used
in the multi-sequence search function on STRING: functional protein association
networks (Version 10.5). The resulting network of proteins was then analysed with
the Markov Clustering Algorithm (MCA) with an inflation parameter of 3 and tested
for function enrichments. Because sequenced data could not be utilized, Drosophila
melanogaster was used as the model organism for converging the earwig and
sandhopper peak data into a uniform format, allowing the establishment of
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relationships and convergence in proteins between sandhoppers and earwigs. Each
identified protein from MarkerView was cross-referenced with the match identified
by STRING (relative to D. melanogaster) against the UniprotKB database for name
and function. Any earwig/sandhopper protein which did not match D. melanogaster
proteins

(<1%)

was

excluded

from

further

analysis.

To

contrast

the

earwig/sandhopper data against the proteomic data from Biron et al.’s (2005a, 2006)
studies on hairworm-infected grasshopper and cricket hosts, D. melanogaster was
used as a convergence platform as for the earwig and sandhopper data above.

Proteins identified in the above analyses (see Appendix: Table 4.1,4.2) were given a
general function based on the average specific functions as per the UniprotKB
database. Each list of significantly up/down regulated proteins generated from a
specific comparison between two groups (i.e. LWIH vs. control sandhoppers) was
compared to all other protein lists to identify overlapping proteins (see colour coding
of protein lists in Appendix: Table 4.1,4.2,4.3).

4.4 Results

4.4.1 Prevalence of infection and worm length spread
In total 2538 sandhoppers and 1302 earwigs were dissected, with 23 and 46
individuals found to be infected with mermithids, respectively. Single worms
infecting earwigs ranged from 1.7mm to 263.5mm in length, with a mean (± SD) of
56.1  62.7mm, while single worms infecting sandhoppers ranged from 3.6mm to
119.1mm, with a mean of 44  33.7mm.
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4.4.2 Sandhopper PCA and up/down protein regulation
The PCA of sandhopper proteomic data across the samples indicated differences
between control (uninfected) brains and both short worm infected hosts (SWIH) and
long worm infected hosts (LWIH), excluding individual F 10.6, with controls
clustering to the left and infected hosts grouping to the right (Figure 4.1, A). The two
LWIH individuals with the shortest worms (F 78.8 and M 60.7) clustered with SWIH,
while the two with the longest worms diverged in different directions, one being a
female and the other a male. Despite this aforementioned divergence, when LWIH are
compared against all other hosts for significantly down or up-regulated proteins, all 4
hosts show similar high levels of down regulation of specific proteins relative to
SWIH (Figure 4.2 A2). This difference is even more pronounced versus control
brains. Up-regulated proteins show the opposite trend, being highest in the controls
relative to the other groups (Figure 4.2 A1).

4.4.3 Earwig PCA and up/ down protein regulation
In the PCA of earwigs, the LWIH are clearly split down the middle irrespective of
worm length or sex, with two individuals (M 173 and F 172) grouping with the SWIH
while the other two (M 263 and F 129) are isolated from any other grouping (Figure
4.1 B). In a separate analysis, M 173 and F 172 brains were found to have very few
significantly different up/down regulated proteins relative to SWIH individuals (see
Appendix: bottom of Table 4.2). Furthermore, when LWIH are compared against all
other brains for significantly up regulated proteins, the two isolated LWIH hosts (M
263 and F 129) highly elevated relative to all other hosts (Figure 4.2 B1). The
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opposite is true for the down-regulated proteins, with the two isolated hosts being the
least down-regulated relative to all other hosts (Figure 4.2 B2).
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Figure 4.1 Unsupervised PCA of both A) sandhopper (n=12) and B) earwig (n= 11)
brains analyzed by triple TOF mass spectrometry. Brains are grouped by
similarity/difference in proteomic data, with PC1 and PC2 accounting for 33.9%/20.3%
and 12.5%/9.8% (earwig/sandhopper) of the variation, respectively. Individuals
infected with long/mature worms, short/immature worms, and uninfected controls are
represented by different colours; there were 4 individuals in each of these categories,
but only 3 for uninfected earwigs. Each brain was re-run through the mass spectrometry
procedure 3 times, hence the triplicate points. The label near each group of 3 points
indicates the sex of the host (M or F) and the length of the worm (mm).
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Figure 4.2: Marker view profile of the abundance of significantly up or down regulated (p<0.01, log fold
change 0.2) proteins between A) earwigs and B) sandhoppers infected by large worms against hosts
infected by a small worm and control hosts with no infection. The top graphs (A1 and B1) show proteins
with significantly greater abundance (up regulation), while the bottom graphs (A2 and B2) show proteins
with a significantly lower abundance, relative to each host (down-regulation). Each differently colored line
represents a distinct protein. Y-axis is presented as a percentage response relative to the greatest peak, i.e.
the protein with greatest or lowest abundance, against the different brain types (see details on x-axis).
Each
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brain was re-run through the mass spectrometry procedure 3 times, hence the triplicate points.

Based on these results, for further analysis, the hosts M 263 and F 129 were placed
into their own group (hereafter known as aberrant), while the other two LWIH hosts
(M 173 and F 172) were grouped with SWIH (hereafter, infected). The rearrangement, purely based on proteomic differences, was to ensure the full suite of
proteins distinguishing brains M 263 and F 129 from the others could be fully
analysed without the other LWIH brains masking them.

4.4.4 General trends in proteomic data and STRING analysis
Based on the PCA (Figure 4.1) and protein regulation trends (Figure 4.2), to establish
the earwig and sandhoppers base physiological response to infection, the controls
were compared against the SWIH/infected grouping (sandhopper/earwig). To then
establish the host’s response to late stages of infection and potentially the effects of
the mermithids manipulative effort, LWIH were compared against controls in
sandhoppers. In earwigs, the aberrant grouping was compared to the infected
grouping. As discussed in the introduction, the specific proteins found to be up/down
regulated in the base physiological response to infection (controls vs. SWIH/infected
grouping) were then cross referenced for overlap in the specific proteins found to be
regulated in late stages of infection (sandhopper: LWIH vs. controls, earwig: aberrant
vs. infected grouping).

Across both sandhoppers and earwigs, the general functions of up or down regulated
proteins found between group comparisons fell into 6 major categories: apoptosis,
axon/dendrite and synapse modulation, development, DNA/protein modification,
energy generation/metabolism, and muscle growth/repair/activity. However, the
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number of unique proteins and their specific identity in each category varied among
host group comparisons.

As expected from the general trends found in up/down regulation of proteins,
significantly regulated proteins found in the sandhopper comparisons between LWIH
vs. Control and SWIH vs. Control were biased towards down-regulation, with few
proteins found to be up-regulated relatively (see Appendix: Table 4.1). Compared to
earwigs, much of the protein regulation in LWIH vs. Control comparison was focused
around DNA/protein modification. Specifically: cytoplasmic translation, mRNA
splicing/binding/transport, gene expression and proteins involved in repairing
damaged DNA. Furthermore, proteins involved in axon/dendrite and synapse
modulation were rare relative to other major categories (see Apendix: Table 4.1).
Importantly, some of the significantly down and up regulated proteins found in SWIH
vs. Control comparison were found again in the down regulated protein list from the
LWIH vs. Control comparison. STRING network analysis of the protein lists
generated from the comparisons between groups found very little functional
enrichment (statistically confirmed relationship between proteins relative to a specific
physiological process) in the networks, excluding the up-regulated protein network
from the LWIH vs. Control comparison (figure 4.3). In this network, functional
enrichment, albeit small, was found in relation to energy generation/metabolism and
muscle growth/repair/activity.

Conversely, in the earwig protein lists resulting from group comparisons, the protein
hits were biased towards up-regulation (see Appendix: Table 4.2). A large portion of
proteins were involved in energy generation/metabolism instead of DNA/protein

95

modification (as seen in the sandhopper data). In this major category, the specific
functions of proteins centred around manipulation of ATP generation and
mobilisation of various forms of energy cycling from glycolysis to the citric acid
cycle. Regulation of proteins involved in axon/dendrite and synapse modulation was
much more common as well, specifically around synaptic vesicle endo/exocytosis,
axonogenesis and long term potentiation (see Appendix: Table 4.2). Over 70 proteins
were significantly up-regulated in the aberrant vs. infected comparison, while only 4
were found to be up-regulated in the infected vs. control comparison. These 4 proteins
were also found again in the down-regulated proteins from aberrant vs. infected
comparison. Similarly, many of the down-regulated proteins in the infected vs.
control comparison were found to be the most up-regulated proteins in the aberrant
vs. infected comparison. In other words, up/down-regulated proteins found in the
infected brains were regulated in the opposite direction in the aberrant group. The upregulated protein network obtained from the aberrant vs. infected comparison was the
only earwig network with functional enrichments. Some of the enrichments in the
network were very similar to the ones found in the sandhopper, LWIH vs. control
upregulated network. Figure 4.4 shows in the upper-left corner a large network of
strongly interrelated proteins involved in energy generation/metabolism, with
enrichments specific to carbon metabolism, glycolysis, pyruvate metabolism, citrate
cycling and ATP metabolic process. Smaller networks below and to the right are
enriched in muscle cell differentiation and ribosome processes, respectively.
Cytoskeleton organisation is also enriched within these smaller networks.
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Figure 4.3: Up-regulated protein STRING network in sandhoppers infected with long
worms (LWIH, n=4) against sandhoppers infected with short worms (SWIH, n=4).
Each node represents a specific up-regulated protein, with the label to the right of the
node indicating the protein’s acronym (for full name and function of each protein, see
appendix). Edges/connections between nodes indicate protein-protein associations
determined from experimental evidence and/or gene neighbourhood/fusions/cooccurrence and/or protein homology or co-expression. Shading of edges indicates the
level of confidence in the relationship between the two proteins. Dashed lines indicate
that the edge was not grouped by the MCL clustering. Colours inside the nodes
indicate a functional enrichment: any nodes/proteins with the same colour are part of a
network of proteins involved in carrying out a specified function (see enrichment
table). Colourless nodes have no functional enrichment with any other protein. False
discovery rate indicates the probability the functional enrichment is due to chance.
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Figure 4.4: Up-regulated protein STRING network in earwigs with long worms and an unusual protein
profile (aberrant group, n=2) compared to all other infected earwigs (infected group, n=6). Each node
represents a specific up-regulated protein, with the label to the right of the node indicating the protein’s
acronym (for full name and function of each protein, see appendix). Edges/connections between nodes
indicate protein-protein associations determined from experimental evidence and/or gene
neighbourhood/fusions/co-occurrence and/or protein homology or co-expression. Shading of edges
indicates the level of confidence in the relationship between the two proteins. Dashed lines indicate that
the edge was not grouped by the MCL clustering. Colours inside the nodes indicate a functional
enrichment: any nodes/proteins with the same colour are part of a network of proteins involved in carrying
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out a specified function (see enrichment table). Colourless nodes have no functional enrichment with any
other protein. False discovery rate indicates the probability the functional enrichment is due to chance.

4.5 Discussion

4.5.1 Sandhoppers
The ontogenetic analysis of the sandhopper data was heavily restricted by the low
prevalence of infection, and consequently the range in worm length (and by extension
worm maturity). Mermithid worms in sandhoppers were found to egress from their
host after the 105mm mark (Poinar et al. 2002). In this study, I only found one host
with a worm past this mark at 119mm. Interestingly, brain protein profiles from this
host and another with a worm close to the 105mm mark (at 91.9mm) diverged from
those of the other two hosts with long worms (at 78.8 and 60.7mm); the latter two
clustered tightly with the SWIH (figure 4.1 A). If manipulation only takes place once
the worm has matured (as discussed previously), the PCA spread might suggest that
either of the hosts infected with the longest worms diverge due to parasite
manipulation whereas the other infected hosts have proteomic profiles associated with
pathology or host responses.

However, considering that the significant down regulation of proteins was
consistently high across all LWIH, and that hosts with small worms echoed this effect
to a lesser extent, it suggests protein differences are the result of pathology or host
response instead of adaptive manipulation. The increase in protein down-regulation
from small to long-worm infected hosts suggests the host’s response may be
proportional to the size of the worm, possibly because greater worm length increases
the energetic demands and impacts on host physiology. Furthermore, the downregulated proteins found in SWIH were also mostly found in LWIH (among other
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proteins), again suggesting the proteins found in LWIH are just an extension of
pathology or a host reaction to early stages of infection.

However, mermithids are thought to force their sandhopper host to burrow deeper into
the sand where fresh water accumulates to a greater degree (Poulin and Latham
2002). Indeed, this behavioural modification may be reflected in the proteomic data in
both the down and up-regulated proteins. Oscp, Vps4, CG4769, sea and porin (see
Apendix: Table 4.1) are all proteins thought to be involved in ATP mobilisation; they
were found exclusively in LWIH. Proteins involved in the citric acid cycle (Mtpalpha,
Acon, L(1)G0255), glycogen processing (Pgi, Thiolase) and several other
metabolism-related proteins were also found to be regulated as well. Furthermore,
several proteins (bt, Mlp84B, slgA, Prm, Zasp52, rhea) dedicated to muscle repair and
growth were regulated in infected sandhoppers (see Apendix: Table 4.1). This dual
impact on energy generation/metabolism and muscle activity was reflected in the
small up-regulated protein network between LWIH vs Control (figure 4.3) groups,
with the functional enrichments being very similar to the network of ‘aberrant’
earwigs with long worms vs. all other infected earwigs. Collectively, this may suggest
the

mermithid

is

forcing

the

sandhopper

to mobilise

energy,

inducing

hyperactive/erratic behaviour and thus increased locomotion/burrowing. This general
increased activity would in turn impact the muscles, triggering the muscle repair and
growth proteins found. Alternatively, this narrative could easily be flipped to a
starvation response. Increasing energetic demands from a growing parasite would
force the host to mobilise energy reserves, regulate ATP production and muscle mass.
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The absence of many proteins involved in axon/dendrite and synapse modulation in
the infected sandhopper suggests the mermithid’s impact may be purely directed at
energy mobilisation. In chapter 3, infected sandhoppers were not statistically more
likely to enter water relative to their non-infected conspecifics. The process of forcing
a host into water should require 2 steps. Given the hosts are terrestrial in nature, the
mermithids need to greatly increase the chance the hosts approach large
concentrations of water (step 1: get to water). They then need to induce the act of
suicide into water (step 2: go into water). Completing step 1 would likely involve
inducing hyperactive and/or erratic (as discussed above) which has been witnessed in
hairworm-infected crickets (Thomas et al. 2002) and in mermithid-infected earwigs
(Steven Evans, personal communication). Step 2 would likely require a different
modification in the CNS of the host in order to induce a polarising shift in behaviour
from hydrophobia to hydrophilia. It is important to note that both steps may occur
together rather than separately.

The form of water the infected sandhopper and earwigs appear to strive for is very
different, from water-saturated sand to pools of water respectively. For the
sandhoppers, manipulation in relation to step 1 would naturally lead into step 2 with
no transition to a lethal environment necessary. Therefore, in sandhopper
manipulation there may be no need to regulate proteins involved in axon/dendrite and
synapse modulation (unless this is what triggers the hyperactivity), only proteins
involved in energy generation and metabolism. If manipulating the host’s CNS is
dually expensive and unnecessary, natural selection would eliminate these
mechanisms.
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However, the 3 proteins found to be involved in axon/dendrite and synapse
modulation (Chc, ben and CalpB) were exclusive to the LWIH, with Clathrin (Chc) a
key factor in chemical synaptic transmission, being found to be regulated across the
mermithid and hairworm hosts (discussed later). Also, ben and CalpB (see Apendix:
Table 4.1) were found to be involved in neuron remodelling and axon target
recognition which is very similar in function to proteins found across both mermithids
and hairworms. This could suggest that A) sandhopper mermithids may still induce
hydrophilia, B) Chc, ben and CalpB regulation is required to induce hyper-activity or
C) these proteins are associated with pathology or a host response to infection.

4.5.2 Earwigs
Relative to adaptive manipulation, the most important difference to note between the
sandhopper and earwig proteomic data is that the spike in regulation of proteins in
earwigs is primarily restricted to only 2 of the long worm infected hosts (the aberrant
ones: F 129 and M 263) (figure 4.2 B). Therefore, the regulation of proteins is
unlikely to be pathological or part of the host response, because many regulated
proteins are absent in some infected hosts and present in others. For example, if
proteomic changes in infected earwigs reflect energy depletion or another
pathological response due to a large worm infection (as may be the case in
sandhoppers), it should be applicable to all earwigs infected by long worms.
Therefore, it is possible that parsimony favours adaptive manipulation over
pathology/host response as the best explanation of the changes seen in the infected
individuals with an aberrant proteomic profile.
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If the protein regulation differences seen in the aberrant individuals with long worms
are truly the result of manipulation, this has interesting implications. Given the other
individuals with long worms (M 173 and F 172) are longer than one of the two
aberrant earwigs, it may suggest that once the worms reach maturity, they don’t
immediately induce manipulation but instead wait for an environmental or
physiological cue from the host that signals the opportune time to begin manipulation.
Emerging with other conspecifics at the same place and time would likely be adaptive
considering the very low mobility of the mermithid, and its vulnerability to
desiccation and predation.

Another interesting aspect of the earwig proteomic data, is the lack of direct overlap
in significantly regulated proteins between the aberrant vs. other infected individuals,
and between the control vs. other infected protein lists (see Apendix: Table 4.2). All
down-regulated proteins found in hosts with a small worm (plus M 173 and F172)
were up-regulated in the aberrant individuals. This reversal in regulation was true for
all the up-regulated proteins as well. Unlike the sandhoppers, there was no direct
cross over in regulated proteins found between the two sets of individuals being
compared. This could indicate pathology or a host response (similarly to the
sandhoppers), yet this is unlikely given the general trends in protein regulation
discussed above.

Conversely, it may suggest the host’s initial adaptive and/or preparatory response to
counter manipulation is reversed by the mermithid. Evidence of molecular cross-talk
between hosts and parasites is becoming more common with the advent of proteomics
and genomics (Biron et al. 2013), and the pattern seen here may be an example
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specific to manipulation rather than immunological response. The earwig may detect
the cues associated with mermithid infection, and begin automatically downregulating systems which are often up-regulated by mermithids manipulating
behaviour. Under lab conditions, hairworm infected crickets have been shown to
survive infection and are not always castrated completely (Biron et al. 2005b), thus it
is possible gene flow can exist between infected generations. Therefore, adaptive
responses to counter manipulation induced by mermithids or hairworms is possible.

When looking at the spread of proteins within the 6 major functional categories found
in the earwig data, it is clear that most are involved in energy generation and
metabolism (figure 4.5) compared to sandhoppers. The specific functions of the up
and down-regulated proteins are very similar between the earwig and sandhopper, as
reflected in the similarity in functional enrichment networks between the aberrant vs.
other infected earwigs, and between the control sandhoppers vs. those infected by
large worms (figure 4.3 and 4.4). However, the energy generation in aberrant earwigs
extends to more processes than the citric acid cycle, with enrichment relative to
glycolysis and pyruvate metabolism being present also. Proteins involved in muscle
repair and activity are also enriched similar to the sandhopper. Furthermore, proteins
involved in muscle contraction and development (Mlc1, Zasp52 and bt) were found to
be upregulated in both sandhoppers and earwigs. Overall, this implies either both the
sandhopper and earwig respond similarly to mermithid infection, or the different
mermithid species are inducing hyperactive/erratic behaviour in both hosts through a
very similar mechanism to complete step 1: getting the host to water. Considering
there is evidence of hyperactivity in hairworm- and mermithid-infected hosts
(Thomas et al. 2002; Steven Evans, personal communication) and this modification
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Figure 4.5: Venn-diagram of regulated proteins (cross-referenced with Drosophila melanogaster) found across
mermithid infected sandhoppers (infected with long worm vs. Control)/earwigs (infected but aberrant vs.
infected others) and hairworm infected cricket/grasshopper hosts. Note: grasshopper, cricket and infecting
hairworm data were combined into one grouping (top circle) for simplicity. Proteins marked with an asterisk
indicate they are from hairworms. Proteins are represented as the acronym given by the UniprotKB database.
Proteins found in the overlapping parts of the circles are shared between host-parasite systems. Pie charts
indicate the percent composition of the proteomic data relative to the 6 major general functions of the proteins
found. Colour of the proteins in the Venn-diagram also align with their function.
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likely increases the chance of a host finding water for the mermithid, the latter
explanation may be more parsimonious here.

Similarly to energy generation and metabolism, a greater proportion of proteins were
found to be involved in axon/dendrite and synapse modulation in the aberrant earwig
group, relative to sandhoppers infected by long worms. Proteins involved in synaptic
transmission, specifically vesicle transport of neuro-transmitters (Khc, sesB, AP-12beta, Syt1, Chc, CaMK11, Rpt6 Hsc70-4 and Pka-R1) were found to be regulated
exclusively in the aberrant earwigs’ brains. As were proteins involved in
axonogenesis, dendrite/axon guidance and general neuronal activity/modelling
(CaMkII, Arpc2, kdn, khc, Hsc70-4, cher, SR3-9, Flo-1 and chic) (see Apendix: Table
4.2)..

The up-regulated proteins AP-1-2beta and Synaptotagmin-1 (Syt1) are part of
Clathrin-dependent synaptic vesicle endo- and exocytosis, which is crucial in
neurotransmitter release in the synaptic cleft (McMahon and Boucrot 2011). Given
that Clathrin itself (Chc) is found in the earwig, sandhopper and the hosts of
hairworms, this is very likely a key component in the mermithid’s manipulative
process. Also, Syt1 by itself is a critical Ca2+ sensor for neurotransmitter release
(Geppert et al 1994, Fernandez-Chacon et al. 2001).

Ca2+/calmodulin-dependent protein kinase II (CaMkII) was found to be downregulated in the aberrant earwigs’ brains. CaMkII is a key regulator in synaptic
plasticity and behaviour, involved in various aspects of synaptic transmission and
development (Mayford et al. 1995, Lisman et al. 2002, Fink et al. 2003). Specifically,
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it is required in long-term-potentiation (LPT, strengthening of axon connections) and
therefore plays a crucial role in long-term memory and learning, as do the proteins
cheerio (cher) and Pka-R1 (also found in aberrant earwigs’ brains) (Waddell and
Quinn 2001, Lisman et al. 2002, Bolduc and Rosenfelt 2010, Yamazaki et al. 2010).
Modulation of CaMkII, cher and Pka-R1 in the brains of aberrant earwigs may
suggest alteration of host memory is a key part of the manipulative process.
Terrestrial insects, such as earwigs or grasshoppers, appear to be hydrophobic,
spending little time in or around water when uninfected (Thomas 2002). Perhaps a
key part of getting the host to drown is removing the innate fear/avoidance of water
by disassociating neurons (involved in memory) that collectively function to keep the
host away from water. To support this hypothesis, (as previously discussed) many of
the other regulated proteins relating to neuron functioning found in the brains of
aberrant earwig were also involved in the determination of where axon connections
form or break.

Taken together, the specific functions of the proteins involved in axon/dendrite and
synapse modulation suggests that mermithid infection has the potential to cause
significant changes to the CNS of the host. From an adaptive perspective, and
considering the protein regulation trend seen in figure 4.2 B across the earwig brains,
these results suggest a mature mermithid can manipulate, to some extent, where axon
connections are formed or lost, and what and/or how much neurotransmitter is being
released at those connections. Given our current understanding of behaviour, these
two aspects of neuronal functioning are crucial in generating behaviour (Lisman et al.
2002, Silber 2005). Ultimately, much of this ‘re-wiring’ and alteration of synaptic
transmission and neurotransmitter release may be to complete step 2: getting the host

107

into water. The net effect of this interaction with the host’s CNS is currently
unknown, however, and could be the result or cause of any number of the changes in
the proteomic data, both known and unknown.

4.5.3 Convergence Across Hairworm and Mermithid Infected Hosts
When the proteomic data set from Biron et al.’s (2005a, 2006) studies on hairworminfected crickets and grasshoppers is compared to the proteomic data from this study,
two things are immediately noticeable. Firstly, only two proteins were found in
common across data sets: Chc and Mtpalpha (Figure 4.5, see Venn-diagram).
Secondly, the general function of the proteins found is conserved across both parasite
taxa and all hosts (Figure 4.5, see pie charts), with all functional categories being
present, albeit to different degree (excluding apoptosis in hairworm-infected crickets).
The notion that hosts with differing physiology and parasites should not respond
similarly to infection, whether due to pathology or manipulation (see Introduction), is
not supported in figure 4.5.

Physiological responses can vary among infected species and also among infected
conspecifics (as seen in figure 4.1 B), and mass spectrometry can currently only take
a snapshot of the entire proteome of samples. Therefore, expecting to find many exact
protein matches between different species and individuals when infected would be
naive, even under an identical manipulative mechanism. Although it is worth
mentioning that gene annotation has significantly improved since the publication of
Biron et al.’s hairworm proteomic results, so many matches may be lost as a result of
this. Ultimately, physiological differences between hosts should not mask the
collective function of many proteins being up or down regulated by a similar adaptive
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mechanism. Consequently, figure 4.5 clearly shows similar areas of host physiology
being impacted by infection across phylogenetically diverse hosts.

Considering the phylogenetic and inferred physiological differences between the host
species and the limitations of mass spectrometry, it is remarkable that any proteins
were found in common across them at all. Considering this, Clathrin may be a key
target, or possibly the initial target of part of the parasite manipulative process in
relation to step 2. Mitochondrial trifunctional protein alpha (Mtpalpha), found to be
regulated in all host species (see Appendix: Table 4.1, 4.2, 4.3) , is a crucial catalyst
in beta oxidation in mitochondria (Eaton et al. 2000). Beta oxidation is the catabolic
process by which fatty acid molecules are broken down to produce acetyl-CoA, which
is fundamental in metabolising energy sources, including pyruvate and glycogen
metabolism (Pettit 1975, Moussaieff et al. 2015), and in the citric acid cycle for
producing energy (Houten and Wanders 2010, Akram 2015), all of which were
enriched in up-regulated protein networks in earwigs (only citric acid cycle in
sandhopper network). This suggests alteration of Mtpalpha levels may be the initial
cause of most of the changes in energy related proteins found in infected hosts.
Furthermore, Mtpalpha was found in hairworms during manipulation of behaviour
(Biron et al. 2005a, 2006), while its abundance was altered in sandhoppers with long
worms and aberrant earwigs with long worms. This may suggest the hairworm is
simply mobilising its own energy stores, or it might indicate the hairworm, and by
convergence, possibly mermithids, is releasing Mtpalpha into the host to force energy
mobilisation and production and thus hyperactivity. Conservatively, it is at the very
least, a potential key protein involved in inducing hyperactivity for step 1. In a similar
vein, specific proteins found to be convergent among at least two host species may be
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key initial targets for generating changes in their respective function (see Figure 4.5).
However, convergence in specific proteins may be fortuitous, or the result of
pathology/host responses.

It is also important to note the huge proportion of proteins dedicated to axon/dendrite
and synapse modulation in the hairworm-host systems relative to the sandhopper and
earwig proteomic data (see Figure 4.5). Given this was observed at the point of
manipulation it is unsurprising, yet crucially establishes CNS manipulation as a key
component of forcing the host into water (step 2). Furthermore, again we see proteins
involved in synaptic vesicle endo-exocytosis, axonogenesis and also proteins specific
to memory and learning (adf1 and hn) being modulated, during the manipulative
event in the hairworm-cricket/grasshopper systems (see Appendix: Table 4.3) This
convergence in the regulation of proteins related to CNS manipulation, across both
parasite taxa and all host species, is very difficult to refute as adaptive manipulation,
and potentially establishes memory manipulation as a key part of successfully
completing step 2.

In Biron et al.’s (2005a, 2006, 2013) discussion of the hairworm-host proteomic data,
proteins belonging to the Wnt family, found in both the hairworm and its host, are
posited as a key manipulative agent behind the hydrophilia, dictating axon/dendrite
guidance and neuron differentiation. In the present study, Wnt was not found directly,
although proteins were found that indirectly modify Wnt signalling. Specifically,
Flotillin and Rack 1 (see Appendix: Table 4.1, 4.2, 4.3) up-regulate and downregulate Wnt levels, respectively (Katanaev et al. 2008, Li et al. 2011, Solis et al.
2013). Crucially, these proteins were found to be regulated in both earwigs with small
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and long worms, indicating Wnt modulation may actually be related to pathology, or
that the hosts are preparing to counter Wnt manipulation by the parasite. On the other
hand, this may suggest the manipulative process may begin early in the parasite’s
development, with Wnt being a crucial early factor. Considering Wnt is also strongly
associated with brain development (McMahon and Bradley 1990, Singh et al. 2011)
and a strong case for CNS manipulation can be made for the mermithid/hairworm
systems, this may be the case.

In the broader context of proteomic studies on host manipulation, some similar
protein functions, particularly around energy generation/metabolism, were found in
trypanosomes and malaria that increase the frequency of feeding behaviour
(hyperactivity) in their vector host (Lefevre et al. 2007a,b; Holzmuller et al. 2010),
suggesting a potential convergence in mechanism to induce hyperactivity. In
gammarid amphipods infected with acanthocephalans, cestodes or trematodes thought
to facilitate trophic transmission, proteomic investigation found very different protein
functions compared to the mermithid-sandhopper/earwig systems, centering around
neuro-inflammation, serotonin modulation and general pathology (Helluy 2013).
Similarly, other proteomic studies, on different forms of manipulation, found different
protein functions to be affected (Kurze et al. 2016, Feldmayer et al. 2016, Hebert
2017, Geffre et al. 2017). Ultimately, this suggests the general functions of the
proteins found in the present study are specific to the type of manipulation being
performed, and are not part of a generic response to any form of infection.

4.5.4 Possible role for Viruses
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Very recently, an Ebola-like virus was found to occur consistently in the mermithid
M. nigrescens and in the brain of infected earwigs (E. Dowle, unpublished data).
Looking at the DNA/protein modification data across all mermithid and hairworm
hosts, proteins involved in transcription are often regulated, which is a classic sign of
viral infection (Beltran 2017). Proteins involved in viral defence (Ef1gamma, Tep2
and Ras85D), DNA repair and silencing (Rad23 and LamC) are also present.
Interestingly, Clathrin and Flo-1 are major gateways used by viruses to get into cells
(Chazal et al. 2003, Damm et al. 2005, Blanchard et al. 2006, Cureton et al. 2009), so
their alteration across all hosts may be alternately explained as a side-effect of viral
infection (if indeed all hosts are under viral attack). In other host-parasite systems,
parasites have been found to use viruses to manipulate hosts (Han et al. 2015, Dheily
et al. 2015). Known as symbiont-mediated manipulation, this may be a possibility in
the earwig-mermithid system at least.

4.5.5 Conclusions
Given the protein regulation seen in the earwig brains (figure 4.2 B), the restriction of
most proteomic changes to hosts infected by large worms and the convergence in
general function of proteins regulated across mermithid and hairworm infected hosts,
particularly in relation to axon/dendrite and synapse modulation, adaptive
manipulation of host behaviour is likely the most parsimonious explanation. It
appears the parasites are capable of inducing erratic or hyperactive behaviour,
potentially via initial modulation of Mtpalpha, increasing the likelihood the
hydrophobic host comes across water (step 1). By manipulating neuronal connections,
and altering neurotransmitter release, the parasites may then essentially ‘re-wire’ the
brain into a hydrophilic state, forcing the host into water (step 2). Alteration of
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memory may be a key aspect in this step of manipulation. The sandhopper results
suggest this step in host manipulation may have been lost, as it may be unnecessary
from an ecological perspective. However, this may be an artefact of the lack of hosts
infected by mature worms in this dataset. Ultimately, the evidence presented here is
correlational, therefore pathology or host responses (although unlikely) cannot be
ruled out. We still have no idea exactly what the parasites are potentially releasing to
cause these changes in physiology.

At the very least, this study has built upon the foundation laid by Biron et al.’s
(2005a, 2006) studies, providing further understanding of the impacts manipulative
parasites can have on their hosts. By increasing sample size, sequencing the host and
parasite genomes and transcriptomes, and investigating the proteome of mermithids,
much more in-depth, reliable data could be obtained. Furthermore, utilizing
experimental infection combined with assessment of genomic shifts in expression
over the parasite’s life cycle within the host, similar to what Herbert et al. (2017)
accomplished in a very different host-parasite system, would be a very effective
avenue for finding manipulation factors, and thus establishing causation (Herbison et
al. 2018).

This study highlights the value of incorporating convergent and ontogenetic aspects
into experimental approaches designed to uncover the mechanisms of host
manipulation. As more host-parasite systems are investigated, convergent evidence
should become increasingly available. This is the first study to approach the
mechanisms of host manipulation from an ontogenetic standpoint and utilise this
approach to disentangle potentially adaptive changes in host physiology from mere
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pathology or host responses. Given the predictive power it lent to this study, it is
highly recommended (when possible) in future neuro-parasitological research. Also,
this demonstrates that parasite manipulation is multi-faceted, impacting multiple
aspects of physiology. Immunological and neuropharmacological aspects should be
investigated, especially considering the clear impact infection has on neurotransmitter
release. Finally, this study also indicates how rapidly proteomics has advanced in the
last decade, from identifying protein spots via gel electrophoresis to building robust
functional networks between proteins, and thus its potential to contribute to neuroparasitology.
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CHAPTER 5

GENERAL DISCUSSION
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Based on a review of neuro-parasitology (chapter 2), and a combination of
behavioural (chapter 3) and proteomic approaches (chapter 4), I have provided
correlative evidence that adaptive manipulation by mature mermithid nematodes
occurs in earwigs and potentially sandhoppers as well. This supports the proposed
hypotheses in chapter 1. In chapter 3, half of the earwigs with long worms, of variable
length, were found to enter water, often all within a relatively short time window.
This was echoed in chapter 4, with two earwigs harbouring long worms exhibiting
major differences in protein abundance relative to other hosts and controls.
Convergent and ontogenetic evidence across mermthid and hairworm hosts suggests
that many of these protein level alterations are related to adaptive manipulation. This
synergy between the results in chapters 3 and 4 lends credence to the hypothesis that
mermithids adaptively time the initiation of manipulation in their hosts to increase the
chance of the worm reaching water.

Conversely, sandhoppers infected with long worms were not more likely to enter the
water relative to uninfected individuals or those harbouring short worms. From an
ecological perspective, I suggested in chapter 3 that mermithids infecting sandhoppers
only needed to induce hyperactivity to reach moister sand, with the hydrophilic
component, necessary to transition into open water, being unnecessary and thus lost
through natural selection. This hypothesis was also corroborated in chapter 4, with the
protein functions altered in infected sandhoppers centring more on energy
generation/metabolism (potentially for inducing hyperactivity) than axon/dendrite and
synapse modulation. However, considering 3 of the 4 worms found in sandhoppers
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infected by long worms were under 105mm (the smallest size at which egression
occurred according to Poinar et al. (2002)), a lack of mature worms may have biased
the results away from CNS manipulation.

Incorporating convergent and ontogenetic aspects into the proteomic analysis of
adaptive manipulation in chapter 4 gave significant predictive power when trying to
disentangle pathology or host responses from adaptive manipulation. In earwigs, the
suicidal behaviour was observed almost exclusively in individuals with long worms in
chapter 3. Subsequently, in chapter 4, the greatest proteomic changes only occurred in
individuals harbouring long worms. These parallel findings imply only mature worms
are capable of manipulation. Thus, any proteomic changes found exclusively in hosts
infected with mature worms should often be related to manipulative effort.
Furthermore, the general function of proteomic changes in hosts with mature worms
is the same across both hosts in this study, and it is repeated in hairworm-infected
hosts during manipulation as well (Biron et al. 2005a, 2006). Combining both the
ontogenetic and convergent patterns found here, across the mermithid and hairworm
infected hosts, provides a very strong correlative case for adaptive manipulation.

However, following the arguments put forward in chapter 2 (Herbison 2017) and in
Herbison et al. (2018), these results cannot empirically establish causation between
infection by mermithids and the physiological changes observed in hosts with long
worms. The ontogenetic and convergent evidence for adaptive manipulation makes it
unlikely that host responses and/or pathology are responsible for the changes seen, but
not impossible. Until concrete evidence of a manipulation factor (substance released
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by the parasite to induce adaptive behavioural change in the host) is found, alternative
explanations to adaptive manipulation cannot be ruled out.

Furthermore, without a known manipulative factor (or factors), we have no initial
point of change in host physiology from which to build a mechanistic pathway for
manipulation, order physiological impacts and distinguish between proteins directly
related to manipulation and those merely involved in pathology. For example, we
have no idea if the proteins involved in axon/dentrite and synapse modulation stem
from manipulation by the parasite or are a side-effect of other numerous and
potentially adaptive changes seen in infected host physiology. Hypothetically, if we
assume CNS related protein regulation is a direct result of manipulative effort, the
initial target of manipulation would not be decipherable thus making it impossible to
begin building mechanistic pathways. This reasoning applies to any of the general
functions of proteins found to be regulated in infected hosts.

Clearly, identifying manipulative factors is crucial to advancing the field of neuroparasitology. In any host-parasite system, experimental infection must be established
first if manipulation factors are to be found. Snap-freezing hosts in the field (as done
in this thesis) preserves natural host physiology, but whether the host is actually being
manipulated by the parasite at the point of freezing is unknown. The two earwig hosts
appearing to be manipulated in chapter 4 were found by pure chance. Experimental
infection enables the ontogenetic approach to be utilized across multiple time points
across the parasite’s life cycle, specifically around the induction of manipulation. This
would allow physiological changes to be directly implicated in adaptive manipulation
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without ambiguity and contrasted against alterations observed in hosts with smaller
worms.

Turning our attention to the physiological changes within the mermithid itself (or
other manipulative parasites) during manipulation would be a logical place to start
when looking for manipulation factors, and when paired with experimental infection
will likely lead us to them. Changes in parasite morphology, both large and small,
prior to manipulation should also be considered as an avenue to identify manipulative
factors. Parasites are known for going through large changes in morphology,
particularly around transition events (Bird 1968, Aikawa 1977, Vickerman 1985, Hall
et al. 2005). Once manipulation factors have been identified, we can logically follow
their impacts on host physiology using methodology common to studies investigating
physiology (specifically neuroscience studies).

As emphasised in chapter 1, manipulative parasites have the potential to greatly
contribute to neuroethology, providing an alternative route to studying a range of
normally inaccessible behaviours. In the future, knowledge specific to behavioural
modification,

gained

from

studying

manipulative

parasites

could

have

pharmacological applications (Adamo 2013). The methods parasites use to change
behaviour have likely been refined through millions of years of natural selection
(Majerus 1996). In contrast, it is only in the last century that we have begun to modify
behaviour and other physiological systems using scientific knowledge. Thus I predict
we could learn a lot from studying the physiological basis of host manipulation.
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APPENDIX

Table 4.1: List of proteins found to be up or down-regulated between the two sandhopper group comparisons: long worm infected hosts vs. controls and short worm infected hosts vs.
controls. Peak name was cross referenced with UniprotKB database against Drosophila melanogaster to establish convergence across different infected host. Specific function and general
function were obtained from UniprotKB database. P-value and fold change were obtained from Marker view. For overlap in specific identified proteins across hosts see the legend
(immediately below).

Sandhopper Protein List Legend
Protein Overlap Type

Color code

Found in both LWIH and SWIH
Found in earwig-mermithid system also
Found in hairworm hosts also
Found across mermithid and hairworms

Sandhopper: LWIH vs. control
Up-regulation
Peak name

Gene name

Specific Function

General Function

A0A2P2HXQ2

Chc

chemical synaptic transmission, synaptic vesicle exocytosis

Axon/neurotransmiter modulation

A0A0P6E113

CG17896

pyrimidine nucleobase metabolic process,

A0A0P5IVY2

RpS8

cytoplasmic translation

A0A164UQE4

l(1)G0255

fumarate metabolic process, tricarboxylic acid cycle (citric acid cycle)

P value

Fold Change

0.00031

1.486

DNA/protein modification

0.00347

2.117

DNA/protein modification

3.41E-05

2.066

Energy generation/metabolism

2.81E-06

2.016
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C1BUC3

Oscp

mitochondrial ATP synthesis coupled proton transport

Energy generation/metabolism

1.71E-05

1.571

D2DSQ5

Acon

tricarboxylic acid cycle

Energy generation/metabolism

1.06E-05

1.489

A0A2P2HVR3

porin

phototransduction, mitochondrial transport

Light? Energy mob

0.00176

1.365

E9HSV9

Prm

myofibril assembly,motor activity

Muscle activity

6.03E-05

2.242

A0A2P2I0T3

Zasp52

muscle structure development, myofibril assembly

Muscle activity

2.79E-10

2.186

A0A2P2HVL4

Mlc1

muscle contraction

Muscle activity

0.00681

1.376

B2KTF4

Tep2

endopeptidase inhibitor activity, defense response to Gram-negative bacterium

Pathology

0.00015

2.986

E9FY71

.

Unknown function

Unknown

0.00024

6.389

Down-regulation
Peak name

Gene name

Specific Function

General Function

P value

Fold Change

A0A2P2HWY7

Prx5

cellular response to oxidative stress, Apoptosis

Apoptosis

0.00725

0.559

E9HC84

ben

axonogenesis, axon target recognition, synapse maturation

Axon/neurotransmiter modulation

0.00683

0.546

A0A2D3E2W1

CalpB

neuron remodeling

Axon/neurotransmiter modulation

7.31E-07

0.536

A0A2P2HXW9

Gammatub37C

microtubule cytoskeleton organization, mitotic cell cycle

Development

1.53E-09

0.617

A0A0P4WJD4

betaTub85D

microtubule cytoskeleton organization, mitotic cell cycle

Development

4.11E-10

0.611

A0A2P2I4B9

betaTub85D

microtubule cytoskeleton organization, mitotic cell cycle

Development

1.08E-06

0.610

A0A2P2HW46

betaTub85D

microtubule cytoskeleton organization, mitotic cell cycle

Development

9.36E-10

0.604

C1BSD0

betaTub85D

microtubule cytoskeleton organization, mitotic cell cycle

Development

6.89E-07

0.578

A8VLT3

betaTub85D

microtubule cytoskeleton organization, mitotic cell cycle

Development

8.99E-11

0.576

A0A2P2I0X1

fax

axonogenesis, embrogenesis development

Development, Axon/neuro mod

2.86E-07

0.444

D1FVA3

Nacalpha

protein transport, multicellular organism development

Development, DNA/pro mod

1.01E-08

0.422

A0A2P2HWT8

Pp2A-29B

circadian rhythm, negative regulation of hippo signaling/insulin signaling

Development, Energy, DNA

0.00023

0.522

A3F594

Cyp1

protein folding

DNA/protein modification

9.43E-06

0.620

A0A2P2HY13

Sap-r

RNA transport, signal transmission in brain (Sphingolipid metabolism)

DNA/protein modification

0.00071

0.603

D2K221

EF-1a (F1)

translation elongation factor activity

DNA/protein modification

1.71E-09

0.602

A0A0K2TUR0

Gp93

Protein folding

DNA/protein modification

9.55E-09

0.593

A0A2P2HY59

CG7378

protein dephosphorylation

DNA/protein modification

0.0016

0.581

A0A2P2HWA3

Hel25E

mRNA export from nucleus, mRNA splicing via spliceosome

DNA/protein modification

8.50E-06

0.564

A0A2P2HWH0

CG7768

protein folding, accelerates protein folding

DNA/protein modification

1.86E-07

0.557
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A0A0P6IQA0

RpL23a

translation

DNA/protein modification

8.11E-07

0.546

A0A2P2HYW2

Syp

mRNA splicing, via spliceosome, mRNA/ RNA binding

DNA/protein modification

5.64E-05

0.512

A0A0P4WBK1

RpL15

cytoplasmic translation, translational initiation

DNA/protein modification

0.00073

0.506

A0A2P2I891

rin

positive regulation of gene expression, mRNA splicing, via spliceosome

DNA/protein modification

3.99E-07

0.476

A0A0P4WJY2

SF2

DNA/RNA binding, regulation of gene expression, RNA export from nucleus

DNA/protein modification

0.0009

0.462

A0A2P2HVQ4

Ref1

mRNA binding

DNA/protein modification

1.90E-09

0.456

E5RQ56

Rad23

nucleotide-excision repair, damaged DNA binding

DNA/protein modification

5.18E-11

0.320

A0A2P2HXY4

RpS8

cytoplasmic translation

DNA/protein modification

1.81E-06

0.206

A0A2P2I5Z1

LamC

chromatin silencing, makes dna inaccesible, muscle tissue morphogenesis,

DNA/protein mod, Muscle

2.35E-05

0.463

A0A2P2I0Y2

Vps4

ATP binding/ ATPase activity

Energy generation/metabolism

0.00124

0.640

A0A289YD82

Mtpalpha

fatty acid beta-oxidation

Energy generation/metabolism

0.00302

0.633

G5D6Q4

CG8498

fatty-acyl-CoA binding

Energy generation/metabolism

1.16E-05

0.624

I6XTT9

Pgi

gluconeogenesis, glycolytic process

Energy generation/metabolism

0.00046

0.595

A0A2P2HXL2

Thiolase

fatty acid beta-oxidation, determination of adult lifespan

Energy generation/metabolism

5.98E-07

0.571

A0A2P2I0B8

sea

mitochondrial citrate transmembrane transport

Energy generation/metabolism

0.00497

0.556

A0A0P4WHZ0

CG32549

Metal ion binding, 5'-nucleotidase activity

Energy generation/metabolism

0.00023

0.511

A0A0N8AE43

Gfat1

fructose 6-phosphate metabolic process

Energy generation/metabolism

0.00472

0.503

A0A2P2HYD7

CG4769

mitochondrial ATP synthesis coupled proton transport

Energy generation/metabolism

0.00613

0.449

A0A2P2I2Q6

CG14516

proteolysis, peptide catabolic process

Energy generation/metabolism

1.17E-05

0.287

A0A2D3E2W4

rhea

muscle attachment, actin filament binding

Muscle activity

7.12E-05

0.589

A0A0P4WDZ2

slgA

glutamate biosynthetic process, phototaxis, locomotory behavior

Muscle, Phototaxis, Energy

0.00033

0.413

A0A2P2IDZ3

Cbp53E

response to wounding, regulation of cytosolic calcium ion concentration

Pathology

6.90E-05

0.485

A0A2P2I610

Ncc69

chloride/sodium transport/homeostasis, cation:chloride symporter activity

Thirst induction?

0.00056

0.502

Q197G1

Ef1gamma

translation elongation factor activity, response to virus

Pathology

0.00027

0.626

A0A2P2IAM5

Unknown function

Unknown

0.00282

0.637

A0A2P2HXI8

Unknown function

Unknown

9.10E-07

0.631

Q75PH3

Unknown function

Unknown

0.00771

0.577

A0A0P4WFR3

Unknown function

Unknown

0.00155

0.442

calcium ion binding, signal transduction/learning and memory, many functions

Many

8.82E-05

0.221

C6GBF5

TpnC25D
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Sandhopper: SWIH vs. control
Up-regulation
Peak name

Gene name

Specific function

General function

A0A164YT22

Psi

regulation of mRNA splicing, via spliceosome, regulation of transcription

DNA/protein modification

P value
0.00274

Fold change
3.160

A7L696

RpS14b

translation

DNA/protein modification

0.00019

2.307

A0A0P5JJ74

RpL10

cytoplasmic translation

DNA/protein modification

0.00699

2.176

A0A2P2HXG9

CG1518

protein glycosylation

DNA/protein modification

1.55E-05

2.166

A0A0P4WAC0

CG5941

RNA Binding

DNA/protein modification

3.74E-05

2.035

A0A2P2HW42

RpL3

cytoplasmic translation, cytoplasmic translation

DNA/protein modification

0.00298

1.975

A0A2P2HY62

RpS9

rRNA binding

DNA/protein modification

0.00179

1.969

A0A2P2HWK8

CG3731

aerobic respiration, protein targeting to mitochondrion

Energy generation/metabolism

4.83E-06

2.464

A0A164UQE4

l(1)G0255

fumarate metabolic process, tricarboxylic acid cycle (citric acid cycle)

Energy generation/metabolism

1.67E-05

2.415

E9HSV9

Prm

myofibril assembly,motor activity

Muscle activity

3.90E-06

2.719

A0A2P2I0T3

Zasp52

muscle structure development, myofibril assembly

Muscle activity

1.40E-05

1.944

D3UBW2

pro2

melanization defense response

pathology

8.05E-08

2.364

E9FY71

.

Unknown function

Unknown

0.00685

2.612

Down-regulation
Peak name

Gene name

Specific Function

General Function

A0A2P2I4B9

betaTub85D

microtubule cytoskeleton organization, mitotic cell cycle

Development

P value
7.86E-06

Fold Change
0.656

A8VLT3

betaTub85D

microtubule cytoskeleton organization, mitotic cell cycle

Development

2.21E-05

0.634

A0A2P2HZD0

Cg25C

cardiac muscle dev, extracellular matrix organization, oviduct morphogenesis

Development

0.00152

0.622

C1BSD0

betaTub85D

microtubule cytoskeleton organization, mitotic cell cycle

Development

7.94E-06

0.619

A0A2P2I0X1

fax

axonogenesis, embrogenesis development

Development, Axon/neuro mod

0.00105

0.616

D1FVA3

Nacalpha

protein transport, multicellular organism development

Development, DNA/pro mod

0.00147

0.652

A0A2P2HVQ4

Ref1

mRNA binding

DNA/protein modification

0.00029

0.598

E5RQ56

Rad23

nucleotide-excision repair, damaged DNA binding

DNA/protein modification

4.17E-06

0.406

A0A2P2HXY4

RpS8

cytoplasmic translation

DNA/protein modification

0.00025

0.298

A0A0P6FKA9

Gpo-1

glycerol-3-phosphate catabolic process

Energy generation/metabolism

0.00359

0.651
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G0ZJF6

Pglym87

glycolytic process

Energy generation/metabolism

0.00839

0.542

A0A2P2I2Q6

CG14516

proteolysis, peptide catabolic process

Energy generation/metabolism

2.25E-05

0.398

A0A0P5JXD3

bt

muscle contraction

muscle activity

0.00014

0.636

A0A0P4W5W2

Mlp84B

muscle tissue development

muscle activity

0.00557

0.407

A0A0P4WDZ2

slgA

glutamate biosynthetic process, phototaxis, locomotory behavior

Muscle, Phototaxis, Energy

0.00475

0.627

A0A289YD82

Mtpalpha

fatty acid beta-oxidation

Energy generation/metabolism

0.00302

0.653

A0A2P2IDZ3

Cbp53E

negative reg of response to wounding, regulation of calcium ion conc

Pathology

0.00011

0.533

A0A0P4WI30

.

Unknown

Unknown

0.00827

0.509

C6GBF5

TpnC25D

calcium ion binding, signal transduction/learning and memory, general

Many

1.92E-05

0.242
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Table 4.2: List of proteins found to be up or down-regulated between the two earwig group comparisons: aberrant vs. infected and infected vs. controls. Peak name was cross referenced
with UniprotKB database against Drosophila melanogaster to establish convergence across different infected host. Specific function and general function were obtained from UniprotKB
database. P-value and fold change were obtained from Marker view. For overlap in specific identified proteins across hosts see the legend (immediately below).

Earwig Protein List Legend
Protein Overlap Type

Color code

Cross-regulation in both aberrant and infected
Found in sandhopper-mermithid system also
Found in hairworm hosts also
Found across mermithid and hairworms

Earwig: Aberrant vs. Infected
Up-regulation
Peak name

Gene name

Specific Function

General Function

P value

Fold Change

gi|1370625827

Prx5

cellular response to oxidative stress/ osmotic stress, regulation of apoptosis

Apoptosis, Stress response

8.96E-18

7.709

gi|1339040925

RpS3

negative reg of neuron apoptotic process, positive regof apoptotic pathway

Apoptosis, cell cycle

6.54E-07

3.123

gi|388523599

eLF-5A

Apoptosis, cell cycle

0.00019

2.478

gi|1227974398

Flo-1

regulation of apoptotic process, translation elongation
formation of vesicles, positive regulation of Wnt protein secretion, axon
growth

Axon/neurotransmiter mod, wnt

3.99E-14

7.617

gi|359326577

sesB

ATP/ADP transporter, chemical synaptic transmission, synaptic vesicle transport

Axon/neurotransmiter modulation

1.32E-21

4.003

gi|1339065303

chic

axon guidance, brain development, neuron remodeling

Axon/neurotransmiter modulation

3.24E-13

3.684

gi|1339094029

sesb

ATP/ADP transporter, chemical synaptic transmission, synaptic vesicle transport

Axon/neurotransmiter modulation

3.57E-17

2.915

gi|646708575

Khc

axo-dendritic transport, axon guidance, axonogenesis,dendrite morphogenesis

Axon/neurotransmiter modulation

0.00013

2.067

gi|1370646552

Hsc70-4

axonal fasciculation, axon guidance, neurotransmitter secretion

Axon/neurotransmiter modulation

5.73E-06

1.948

gi|1227971896

AP-1-2beta

clathrin binding, protein transporter activity

Axon/neurotransmiter modulation

1.14E-05

1.771
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gi|1339055104

cher

motor neuron axon guidance, cytoskeleton organization, Development

Axon/neurotransmiter modulation

1.26E-07

1.703

gi|1339061576

Syt1

regulatory role in trafficking of synaptic vesicles at the synapse

Axon/neurotransmiter modulation

0.00655

1.610

gi|1339064018

SR3-9

axon guidance, mitotic cell cycle checkpoint, positive regulation of growth

Axon/neurotransmiter mod, Dev

5.41E-07

1.685

gi|506968435

l(2)37Cc

Required for larval metabolism (potential manipulation factor?)

Development

2.03E-06

2.967

gi|1339049250

l(2)37Cc

multicellular organism development

Development

0.00015

2.650

gi|7304361

CG10527

Growth, reproduction, devlopment

Development

6.74E-05

1.731

gi|1341138318

RpS3A

multicellular organism development, cytoplasmic translation

Development, DNA/protein folding

1.20E-12

4.414

gi|1339044259

Nacalpha

multicellular organism development, protein transport

Development, DNA/protein mod

6.36E-15

7.129

gi|8071

Nacalpha

multicellular organism development, protein transport

Development, DNA/protein mod

1.63E-13

6.084

gi|646711760

Hsc70-5

protein folding

DNA/protein modification

1.37E-13

10.843

gi|630575405

FK506-bp2

protein peptidyl-prolyl isomerization, chaperone-mediated protein folding

DNA/protein modification

2.76E-09

7.609

gi|1339060171

RpL10Ab

RNA binding, translation

DNA/protein modification

7.60E-09

6.209

gi|1341138352

Rbp1

regulation of gene expression, mRNA binding, RNA splicing

DNA/protein modification

2.04E-06

2.632

gi|1339091998

RpL18

translation

DNA/protein modification

1.92E-05

1.996

gi|506968063

RpL12

translational initiation, RNA binding

DNA/protein modification

0.0059

1.852

gi|1339058028

CG9318

negative regulation of peptidoglycan recognition protein signaling pathway

DNA/protein modification

0.00232

1.845

gi|1370648433

FBpp0091150

DNA-templated transcription, initiation, Histone binding, DNA binding

DNA/protein modification

1.21E-07

1.831

gi|646708831

l(1)G0156

Energy generation/metabolism

9.30E-28

121.498

gi|1330880687

CG12262

tricarboxylic acid cycle,isocitrate dehydrogenase (NAD+) activity
mitochondrial fatty acid beta-oxidation

Energy generation/metabolism

1.60E-22

23.309

gi|8886088

Gapdh1

Many functions, central around energy mobilisation. Glucose metabolism etc.

energy generation/metabolism

1.12E-12

20.194

gi|646723508

ND23

ATP synthesis coupled electron transport

Energy generation/metabolism

4.80E-28

16.232

gi|1227990637

Mdh2

carbohydrate metabolic process, oxidation-reduction process

Energy generation/metabolism

1.29E-22

14.934

gi|157814164

Tal

carbohydrate metabolic process, pentose-phosphate shunt

Energy generation/metabolism

2.14E-10

6.354

gi|646709661

Gapdh2

Many functions, central around energy mobilisation. Glucose metabolism etc.

Energy generation/metabolism

3.71E-13

6.149

gi|1339049054

Vha26

ATP hydrolysis coupled proton transport

Energy generation/metabolism

1.22E-16

5.157

gi|646703894

Pgd

phosphogluconate dehydrogenase (decarboxylating) activity

Energy generation/metabolism

1.02E-07

4.502

gi|1370648961

Mfe2

fatty acid beta-oxidation using acyl-CoA oxidase

Energy generation/metabolism

1.29E-08

4.302

gi|333033753

GlyP

glycogen catabolic process

Energy generation/metabolism

7.27E-10

4.220

gi|300641431

Gapdh2

Many functions, central around energy mobilisation. Glucose metabolism etc.

Energy generation/metabolism

9.01E-09

3.937
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gi|646697092

Rpt2

ATPase activity, binding

Energy generation/metabolism

2.92E-12

3.885

gi|1339054806

Mdh1

carbohydrate metabolic process, tricarb acid cycle, oxi-red process

Energy generation/metabolism

1.60E-06

3.746

gi|1370647927

sNPF

Plays a role in controlling food intake and regulating body size, Circadian rhythm

Energy generation/metabolism

2.80E-07

3.393

gi|1339047178

CG1516

gluconeogenesis, pyruvate metabolic process

Energy generation/metabolism

1.19E-08

2.886

gi|380447700

GlyP

glycogen catabolic process, negative regulation of innate immune response

Energy generation/metabolism

9.34E-11

2.714

gi|646720105

Ef2b

mitochondrial translational elongation

Energy generation/metabolism

2.68E-06

2.592

gi|646720711

CG1516

gluconeogenesis, pyruvate metabolic process

Energy generation/metabolism

1.04E-06

2.533

gi|576866881

IIk

ATP binding, protein kinase activity

Energy generation/metabolism

0.00072

2.411

gi|972988178

Cyt-c-p

electron transfer activity, oxidation-reduction process

Energy generation/metabolism

8.75E-06

2.336

gi|7300064

CG11089

purine nucleotide biosynthetic process, wound healing

Energy generation/metabolism

0.00054

2.240

gi|1339075470

Nc73EF

tricarboxylic acid cycle

Energy generation/metabolism

0.00031

2.081

gi|1339081094

SdhA

tricarboxylic acid cycle, electron transfer activity

Energy generation/metabolism

2.31E-06

2.076

gi|157812998

Rpn6

proteasome-mediated ubiquitin-dependent protein catabolic process

Energy generation/metabolism

6.74E-05

1.998

gi|442632971

CG7430

tricarboxylic acid cycle, lipoamide metabolic process, electron transfer activity

Energy generation/metabolism

7.38E-05

1.972

gi|37703941

CG7834

electron transfer activity

Energy generation/metabolism

0.008

1.912

gi|7301070

Vha68-2

Energy generation/metabolism

0.00041

1.830

gi|1122691954

aralar1

ATP hydrolysis coupled proton transport, ATP metabolic process
L-glutamate/ aspartate/ mitochondial transmembrane transport, wound
healing

Energy generation/metabolism

0.00043

1.672

gi|1370639373

CG1516

gluconeogenesis, pyruvate metabolic process

Energy generation/metabolism

6.64E-07

1.604

gi|7294388

CG11154

ATP binding, ATP synthesis coupled proton transport

Energy generation/metabolism

0.00047

1.589

gi|1339084217

PyK

glucose homeostasis, pyruvate metabolic process, myoblast fusion

Energy gen/metabolism, Muscle

4.24E-11

4.214

gi|1227995404

CG5525

Molecular chaperone; assists the folding of proteins upon ATP hydrolysis

Energy gen/metabolism, DNA mod

4.29E-08

3.427

gi|78709078

Mp20

myoblast fusion

Muscle activity

1.52E-15

14.837

gi|1370634335

Mp20

myoblast fusion, muscle repair

Muscle activity

4.48E-14

7.752

gi|1339078663

Mlc2

calcium ion binding, myofibril assembly

Muscle activity

2.17E-14

2.477

gi|646701620

sls

myoblast fusion, muscle development, muscle attachment

Muscle activity

1.37E-12

2.303

gi|1370637277

tmod

Muscle contraction, myofibril assembly

Muscle activity

0.00047

2.154

gi|1339053430

Mlc2

myofibril assembly

Muscle activity

1.81E-11

2.040

gi|646699719

Mlc1

calcium ion binding, microfilament motor activity, muscle contraction

Muscle activity

0.0002

1.675

gi|646723446

Mhc

muscle contraction, muscle cell diferentiation

Muscle activity

1.02E-05

1.604
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gi|577706311

CG11154

ATP synthesis coupled proton transport, proton transmembrane transport

Transport

0.00021

1.985

gi|1632784

Mpcp

Mitochondrial phosphate carrier protein

Transport

8.86E-05

1.623

gi|511636692

CG9360

Unknown function

Unknown

1.13E-17

26.899

gi|1339089646

CG5261

Unknown function

Unknown

0.00229

2.467

gi|1339063370

bt

muscle contraction, muscle thin filament assembly

muscle activity

1.21E-09

2.126

gi|1370621052

pk

Unknown function

Unknown

5.90E-09

1.779

Unknown function

Unknown

0.0067

1.610

gi|1339072127

Down-regulation
Peak name

Gene name

Specific Function

General Function

gi|114319093

Rack1

regulation of signalling molecules. Apoptosis. Wnt signalling downregulation

Apoptosis. Wnt. Many functions

gi|7722

Chc

chemical synaptic transmission, receptor-mediated endo, synaptic vesicle exo

gi|1227987716

CaMKII

A key regulator of plasticity in synaptic physiology and behavior, LPT, memory

gi|646718561

Rpt6

modulation of chemical synaptic transmission

gi|157813924

Pka-R1

neuromuscular synaptic transmission, cAMP-mediated signaling

gi|646720343

Arpc2

gi|157814264

Chc

gi|1370635206
gi|646721228

P value

Fold Change

0.00014

0.354

Axon/neurotransmiter modulation

0.002

0.471

Axon/neurotransmiter modulation

1.55E-05

0.400

Axon/neurotransmiter modulation

0.00635

0.383

Axon/neurotransmiter modulation

4.98E-08

0.380

cell projection assembly (axon formation), cell morphogenesis

Axon/neurotransmiter modulation

2.87E-05

0.380

chemical synaptic transmission, receptor-mediated endo, synaptic vesicle exo

Axon/neurotransmiter modulation

9.40E-11

0.265

kdn

Plays a role in controlling neuronal activity, Behaviour

Axon/neurotransmiter modulation

0.00029

0.228

CG9990

transmembrane transport

Axon/neurotransmiter modulation

0.00501

0.122

gi|388523601

tubA84B

microtubule cytoskeleton organization, mitotic cell cycle

Development

0.00014

0.531

gi|646709566

tubA84B

microtubule cytoskeleton organization, mitotic cell cycle

Development

4.06E-05

0.485

gi|646717218

Hrb87F

mitotic cell cycle, female gonad development

Development

5.01E-06

0.376

gi|1339063561

eIF-4a

mitotic cell cycle, oogenesis

Development

4.10E-09

0.274

gi|1772496

Cyp1

protein folding

DNA/protein modification

8.26E-08

0.520

gi|646708379

FBpp0091117

chromatin assembly or disassembly, nucleosome assembly

DNA/protein modification

0.00163

0.517

gi|506965626

RpS19a

cytoplasmic translation

DNA/protein modification

2.99E-06

0.515

gi|646724177

Gp93

protein folding

DNA/protein modification

2.97E-05

0.386

gi|646709757

RpS15Aa

cytoplasmic translation

DNA/protein modification

1.08E-10

0.307

gi|1370641458

RpL5

cytoplasmic translation

DNA/protein modification

2.46E-11

0.196

gi|27923497

His3

nucleosome assembly

DNA/protein modification

0.00419

0.101
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gi|646711015

sqd

oogenesis, RNA export from nucleus, dorsal/ventral pattern formation

DNA/protein modification, Dev

0.00166

0.467

gi|1339066074

Ef2b

translational elongation, protein biosynthesis

DNA/protein modification, Dev

6.06E-10

0.405

gi|646714138

Mtpalpha

fatty acid beta-oxidation

Energy generation/metabolism

8.13E-12

0.548

gi|393692793

VhaSFD

ATP hydrolysis coupled proton transport,

Energy generation/metabolism

0.00666

0.440

gi|41019545

Scsalpha

tricarboxylic acid cycle, succinyl-CoA metabolic process

Energy generation/metabolism

0.00113

0.237

gi|25012844

CG11876

pyruvate metabolic process

Energy generation/metabolism

4.71E-06

0.192

gi|7291661

Thiolase

glycogen metabolic process

Energy generation/metabolism

0.00798

0.076

gi|442614469

bt

muscle contraction, muscle thin filament assembly

Muscle activity

6.28E-10

0.540

gi|1227971692

Zasp52

myofibril assembly, muscle structure development

Muscle activity

0.00141

0.538

gi|1339063050

Zasp52

myofibril assembly, muscle structure development

Muscle activity

0.00141

0.538

gi|1228013362

zip

myofibril assembly, muscle contraction

Muscle activity

5.46E-05

0.521

gi|442629657

sls

myoblast fusion

Muscle activity

0.00749

0.363

gi|1330922194

Mlc-c

myosin binding, actin filament-based movement

Muscle activity

1.77E-11

0.314

gi|7295508

slgA

phototaxis, glutamate biosynthetic process

Phototaxis, Energy gen..

7.92E-06

0.270

gi|1370630666

CG4409

Unknown function

0.00242

0.132

Earwig: Infected vs. Controls
Up-regulation
Peak name

Gene name

Specific Function

General Function

P value

Fold Change

gi|27923497

His3

nucleosome assembly

DNA/protein modification

0.00415

3.705

gi|25012844

CG11876

pyruvate metabolic process

Energy generation/metabolism

0.00015

2.045

gi|114319093

Rack1

assembly/reg of signalling molecules. Apoptosis. Wnt signalling downreg

Apoptosis. Wnt. Many functions

9.06E-06

2.908

gi|7291661

Thiolase

glycogen metabolic process

Energy generation/metabolism

0.00952

3.633

Peak name

Gene name

Specific Function

General Function

gi|972988178

chic

axon guidance, brain development, neuron remodeling

Axon/neurotransmiter modulation

0.00151

0.419

gi|1339075470

Flo-1

formation of caveolae ves, positive reg of Wnt protein secretion, axon growth

Axon/neurotransmiter mod, wnt

1.52E-05

0.272

gi|1227966787

path

Growth regualtion, transport

Development

0.00116

0.447

gi|1339072127

RpS3A

multicellular organism development, cytoplasmic translation

Development, DNA/protein mod

0.00026

0.448

Down-regulation
P value

Fold Change
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gi|646701620

Nacalpha

multicellular organism development, protein transport

Development, DNA/protein mod

1.44E-07

0.281

gi|1632784

Nacalpha

multicellular organism development, protein transport

Development, DNA/protein mod

1.54E-05

0.257

gi|1370648961

RpL10Ab

RNA binding, translation

DNA/protein modification

0.00019

0.437

gi|506965630

RpS20

formation of cytoplasmic translation initiation complex

DNA/protein modification

2.15E-05

0.429

gi|1339044259

Hsc70-5

protein folding

DNA/protein modification

0.00013

0.130

gi|7301070

Rpt2

Energy generation/metabolism

0.00151

0.502

gi|1339049054

aralar1

ATPase activity, binding
L-glutamate/ aspartate/ mitochondial transmembrane transport, wound
healing

Energy generation/metabolism

0.00019

0.417

gi|7300064

ND23

ATP synthesis coupled electron transport

Energy generation/metabolism

0.00022

0.416

gi|1339049250

GlyP

glycogen catabolic process

Energy generation/metabolism

0.00079

0.356

gi|300641431

CG1516

gluconeogenesis, pyruvate metabolic process

Energy generation/metabolism

0.0006

0.353

gi|1370647927

CG1516

gluconeogenesis, pyruvate metabolic process

Energy generation/metabolism

0.00042

0.332

gi|1339081094

Tal

carbohydrate metabolic process, pentose-phosphate shunt

Energy generation/metabolism

0.00245

0.270

gi|577706311

sNPF

0.00016

0.258

CG12262

Plays a role in controlling food intake and regulating body size, Circadian rhythm
mitochondrial fatty acid beta-oxidation

Energy generation/metabolism

gi|1370639373

Energy generation/metabolism

0.00292

0.249

gi|1341138318

Mdh2

carbohydrate metabolic process, oxidation-reduction process

Energy generation/metabolism

0.0012

0.167

gi|1339058028

l(1)G0156

tricarboxylic acid cycle,isocitrate dehydrogenase (NAD+) activity

Energy generation/metabolism

0.00216

0.038

gi|576866881

CG5525

Energy generation/metabolism

0.00133

0.416

gi|1227999884

Ank2

Molecular chaperone; assists the folding of proteins upon ATP hydrolysis
cytoskeletal protein binding, neuromuscular junction development, short-term
memory

Muscle activity

0.00278

0.375

gi|506968435

Mp20

myoblast fusion, muscle repair

Muscle activity

1.48E-05

0.335

gi|1339089646

Mp20

myoblast fusion

Muscle activity

9.06E-06

0.193

gi|1370634335

CG9360

Unknown function

Unknown

0.00082

0.315

Earwig: SWIH vs. M 173 and F172
Up-regulation
Peak name

Gene name

Specific Function

General Function

gi|646723187

syb

neurotransmitter secretion, synaptic vesicle docking

Axon/neurotransmiter modulation

0.00011

1.921

gi|646693981

rop

chemical synaptic transmission, vesicle-mediated transport

Axon/neurotransmiter modulation

0.00385

1.711

gi|506968903

EIF4E1

regulation of embryonic development, mitotic cell cycle

Development

0.00845

1.637

Unknown function

Unknown

0.00372

1.701

gi|1339041097

P value

Fold Change

152

Down-regulation
Peak name

Gene name

Specific Function

General Function

P value

Fold Change

gi|1339082460

ATPCL

fatty acid biosynthetic process, glucose homeostasis

Energy generation/metabolism

0.00044

0.293

gi|1339057978

Ahcy-13

one-carbon metabolic process

0.00157

0.530

gi|646710502

Pgk

glycolytic process, myoblast fusion

Energy generation/metabolism
Energy gen/metabolism, Muscle
activity

0.00988

0.451

gi|1330904333

Ran

intracellular protein transport, protein export/import into nucleus

DNA/protein modification

0.00027

0.586

gi|646707278

Anp32a

nucleocytoplasmic transport

Many functions

0.00269

0.599

gi|1370634456

Unknown function

Unknown

0.00141

0.267

gi|157813216

Unknown function

Unknown

0.00871

0.503
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Table 4.3: List of proteins found in both the hairworm and its host during manipulation. Adapted from Biron et al. (2005, 2006). Protein/gene names presented in Biron et al.’s studies
were cross-referenced with UniprotKB against drosophila melanogaster. Many proteins could not be exactly matched with UniprotKB, and therefore left from Figure 4.5. For overlap in
specific identified proteins across hosts see the legend (immediately below).

Hairworm/Host Protein List Legend
Protein Overlap Type

Color code

Found in mermithid infected hosts also
Found across mermithid and hairworms

Nemobius sylvestris-hairworm system
In host
Biron et al. (2005/6) name

Gene name

Specific function

General function

calcineurin-like phosphoesterase

.

Cound not find correlate

.

BIR

BRUCE

apoptotic process

Apoptosis

Clathrin_lg_ch

Chc

chemical synaptic transmission, receptor-mediated endocytosis

Axon/neurotransmiter modulation

Collin_ADF

adf1

learning or memory, regulation of dendrite development, synapse assembly

Axon/neurotransmiter modulation

DUF52

No drosophila correlate

vesicle-mediated transport

Axon/neurotransmiter modulation

SHMT

Shmt

glycine (inhibitory neurotransmitter) metabolic process

Axon/neurotransmiter modulation

Wnt 1

Wnt5

axon extension, guidance, neuron differentiation

Axon/neurotransmiter modulation

glycosyltransferase O-Fuc

fng

Notch signaling pathway, oogenesis, ovarian follicle cell development

Development

PCI

PCID2

mRNA export from nucleus, regulation of translation

DNA/protein modification

transposase

T

DNA integration, transposition, DNA-mediated

DNA/protein modification

6-phosphogluconate dehydro

Pgd

phosphogluconate dehydrogenase (decarboxylating) activity

Energy generation/metabolism

ATPase

Vha68-2

ATP hydrolysis coupled proton transport, ATP metabolic process

Energy generation/metabolism

CRAL_TRIO_C

No drosophila correlate

cation-transporting ATPase activity

energy generation/metabolism
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NAD_Gly3P_dh

Gapdh2

Many functions, energy mobilisation. Glucose metabolism etc.

Energy generation/metabolism

PGAM

Pgam5

protein dephosphorylation, regulation of mitochondrion organization

Energy generation/metabolism

GST_N

GstD1

glutathione metabolic process

Many functions

actin

Mhc

adult somatic muscle development, muscle contraction

Muscle activity

trypsin

PRO2

melanization defense response

Pathology

Ras

Ras85D

defense response to virus, larval development

Pathology, development

DUF976

No drosophila correlate

.

.

PIR

no drosophila correlate

Sodium channel protein 60E, neuronal action potential, olfactory

Axon/neurotransmiter modulation

WD40

no drosophila correlate

Possible Katanin, positive regulation of neuron projection development

Axon/neurotransmiter modulation

Wnt

Wnt5

axon extension, guidance, neuron differentiation

Axon/neurotransmiter modulation

F-box

Fsn

regulation of gene expression, neuromuscular synaptic transmission

Axon/neurotransmiter mod, muscle
Development

mRNA export from nucleus, regulation of translation

DNA/protein modification

proteasome

gammatub37C
PCID2
To general, no direct
correlate

microtubule cytoskeleton organization, mitotic cell cycle

Degrade unneeded or damage proteins

DNA/protein modification

ECH

Mtpalpha

fatty acid beta-oxidation

Energy generation/metabolism

KH

no drosophila correlate

Possible Ankyrin

Muscle activity

Glycoside hydrolase

no drosophila correlate

Viral neuraminidase, Pathogenesis mechanisms, degration of biomass

Pathology

Zf-CCH4

???

.

.

In Parasite

tubulin g
PCI

Meconema thalassinum-hairworm system
In host
Biron et al. (2005/6) name

Gene name

Specific function

General function

DnaJ

Csp

regulation of synaptic vesicle cycle, synaptic vesicle exocytosis

Axon/neurotransmiter modulation

SNAP-25

SNAP-25

exocytosis, synaptic vesicle docking, synaptic vesicle transport

Axon/neurotransmiter modulation

SNARE

Syx-1A

synaptic vesicle docking, neurotransmitter secretion

Axon/neurotransmiter modulation

Wnt

Wnt5

axon extension, guidance, neuron differentiation

Axon/neurotransmiter modulation

ZfC2H2

No drosophila correlate

Possibly tsh?? Wnt signalling

Axon/neurotransmiter modulation

flotillin

Flo-1

formation of caveolae vesicles, + wnt secretion, axon guidance

Axon/neurotransmiter mod, wnt
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Tubulin

betaTub85D
RpL10

microtubule cytoskeleton organization, mitotic cell cycle

Development

Ribosomal_L10e

cytoplasmic translation

DNA/protein modification

Actin

Mhc

adult somatic muscle development, muscle contraction

Muscle activity
muscle activity

band_41

sls
cora

myoblast fusion
actin binding, adult somatic muscle development, embryonic dev

Muscle activity, development

CARD

No drosophila correlate

.

.

2NOA36

No drosophila correlate

.

.

1 biopterin_H

hn

long-term memory

Axon/neurotransmiter modulation

DS

ds

Wnt signalling

Axon/neurotransmiter modulation

Galpha

Galphaq

axon midline choice point recognition, regulation synaptic transmission

Axon/neurotransmiter modulation

Sec1

car

vesicle-mediated transport, regulation of Notch signaling pathway

Axon/neurotransmiter modulation

Wnt

Wnt5

axon extension, guidance, neuron differentiation

Axon/neurotransmiter modulation

Zf-C2H2

No drosophila correlate

Possibly tsh?? Wnt signalling

Axon/neurotransmiter modulation

1, Kunitz_BPTI

No drosophila correlate

possibly papillin. multicellular organism development

Development

tubulin_C

betaTub85D
LamC

microtubule cytoskeleton organization, mitotic cell cycle

Development

filament

chromatin silencing, makes dna inaccesible, muscle tissue morphogenesis

DNA/protein modification

FKBP_C

FK506-bp2

chaperone-mediated protein folding

DNA/protein modification

HGTP_anticodon

No drosophila correlate

possibly GluProRS. glutamyl-tRNA aminoacylation. RNA bining

DNA/protein modification

ATP-gua_Ptrans

No drosophila correlate

Possibly arginine kinase Argk. ATP binding

Energy generation/metabolism

CPN60_TCP1

No drosophila correlate

Possibly fab 1? ATP binding

Energy generation/metabolism

troponin

WupA

muscle contraction, nervous system development

Muscle activity

1, bestrophin

Best1

cellular water homeostasis

Thirst?

Ig

In Parasite
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